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HYDRODYNAMIC DESICN OF SHAPLANES 
(S.I1.T. Graduate School Course ) 


B, V. Korvin-Kroukovsky 


1, General Description and Terminology. 


The term "Seaplane" defines any type of an airplane capable of 
resting on, taking off from, and alighting on the surface of water, In 
the "float seaplane" this ability is obtained by the use of floats, the 
sole function of which is to provide the flotation and the planing area, 
In the "flying boat" the body provides the flotation and the planing 
area, and is used also as an integral part of the air frame, supporting 
the wings and the tail surfaces, and as a housing for the crew, the 
equipment, and the useful load, The "amphibian" is a flying boat or a 
float seaplane equipped with wheels in addition to the flotation and 
planing body, making it capable of alighting on either land or water,(Fig. 1.1) 
Most of the material in this course will apply equally to all types of 
seaplane, and only occasionally it will be necessary to discuss the 
features specific to a float seaplane, or to a flying boat, The term 
"planing" signifies the motion on the water surface with such a speed, . 
and in such an attitude, that the weight of the aircraft is supported | 
primarily by dynamic pressures, rather than by buoyant forces, The 
"planing area" or "planing bottom’ is that part of the hull surface 
which is shaped so as to permit such a motion with the minimum of drag, 
and which has sufficient structural strength to withstand the forces 
involved, The conventional form of the hull with such a planing 
bottom is shown on Fig,1.2.0Qn this figure the letters designate the 


following elements 3 


D = Bow 
~ = Stern 
K = Keel 
C - Ghine 


Sm ~ Main Step 
S,. - Second Step 

T = Tail Cone 

Lf - Forebody Length 

La = Afterbody Length 

h = Main Step Height 
Ci - Afterbody Keel Angle 


t 


* See Appendix 1 for a brief history of seaplane development, 
including hull form, hydro-skis and hydrofoils. 


* See Appendix 3 for information on Seaplane Operations 


Sternpost Angle 
V_ = Straight Vee Bottom 
Yo = Vee Bottom with the Chine Flare 
V2 -~ Concave Vee Bottom 
Vii = Scalloped Vee Bottom 
& = Angle of Deadrise 
Wo o-=- Warp, i.e. the change of the deadrise 8 with length 
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shows the hull with transverse steps, Figure1.3 shows 


Ay 


2in Step, and the pointed second step, Figure shows the 


nin step, The variety of the pointed main step hull in which 


large, and the afterbody is long, so that the 


EB serves as the second step S, is called the "planing=-tail hull", 


Woille thse bull ls designed te be as perfect a streamlins body as 


aX 


pessible, certain deviations and sacrifices are necessary to insure 


factory water planing action, The water in motion clings to, and 

‘§ Ghe suctlon on any curvex surface which comes in contact with ab. 
important fact which the seaplane designer must core 

Ly keep in mind, I% is impossible to avoid the use of 
the bow, but these are in water only at low speeds, 

it even at moderate speeds, The lines of the bottom 
tion of it with the vertical planes parallel to the 


eae are called the "buttock lines", Aft of ae 


the harmful, Pee han and to permit the dynamic pressure 


Le 
& 


be be generated efficiently, These lines must terminate at their aft 
ends in discontinuities called "steps", as any upward change of direction 


of thea continuous Line would cause the suction to be generated, 


The drawing giving all details of the external shape of a hull or 
n 


a Float is called the line drawing, Such a drawing in a somewhat simpli- 


‘m is shown on Pigure 1.5for a seaplane fleat, The part of the 
line drawing showing the front or rear elevations with the contours of 


ali stations is known as the "body plan®, The notes "1.71 buttock” and 


buttock"! designate the Lines formed by intersection of the planing 
bottom with the vertical planes spaced at a distance of 1,71 and 3.3 


inches froh the centerline plane of the float, In this case they are 


used to supoly the additional information about the bottom shape only. 


Quite frequently they are used in the same way for the upper part of the 
float as well. The "table of offsets", such as Table I also forms an 
integral part of a line drawing, The line drawing contains only a few. 
fundamental dimensions on the drawing itself, while all dimensions de- 


fining the contours of all stations are collected in the table of offsets, 


2. Buoyancy and Static Stabilit 
2,1 Submerged Displacement, Normal Flotation and the Center of 


Buoyancy 

Seaplane floats are built as thé entirely watertight structures, 
with exception of the small air vent holes, usually incorporated in the 
handhole covers, The float will retain therefore its buoyancy even when 
completely submerged, and this buoyancy is called the “Submerged Displace= 
ment, The excess of the submerged displacement over the normal flo= 
tation, expressed in per cent of the latter, is called the "Reserve 
Buoyancy", and represents the most common measure of the adequacy of the 
float for the airplane it has to support, For instance if the float com~ 
pletely submerged has the buoyancy of 3800 pounds, and in normal 
flotation has to support the load of 2000 pounds, the reserve buoyancy 
is — 

io = 90% 

As a common and good practice in float design the reserve buoyancy of 
100% is recommended, i.e, the submerged displacement is made equal to 
twice the normal displacement, 90% is the minimum permitted by the 
Civil Aeronautics Administration, as low as 65% and as high as 130% was 


used by Military Services on special occasions, 


In order to determine the submerged displacement, the cross 
sectional areas of the float are measured at each station of the line 
drawing, and are plotted against the float length as shown by the curve 
Ssubmerged displacement" on Figure2-1. On this plot the abscissae are 
the distances of a given station from the bow of the float, The station 
numbers are also marked for the convenience of reference, It is a 
common practice, however, to use the distance from some reference line 


as a station number, thus avoiding the confusion of two numbering 


systems, The ordinates are the sectional areas of the float stations in 
squere inches, The area under the curve thus plotted on Figure >.1is 
again integrated , giving the total displacement. Let A be the scale 
of ordinates, such for instance as 1" = OO sq. in,, and L the scale of 
abscissae, such as 1" = 30" of float length, The scale of the area of 
the diagram is then 1 sq.in, = A x L, in this case 00 x 30 = 12,000 
cu,in, The total area under the curve of Figure 2.1, as measured in 
square inches, is mltiplied by this scale, divided by 1,728 to convert 
inte cubic feet, and mltiplied by 62.5 of 6h to convert into the 

pounds of displacement of fresh or salt water respectively, Thus in the 
example cited in connection with Figure 2.1 , the submerged displace= 


men in sait water iss 
8.D. = 35 x 12,000 x 64/1728 = 15,500 pounds, 


if the stations of the line drawing are spaced so that the 
length of the float is divided into an even number of equal spaces, 
the volume san be obtained by Simpson's rules 


Volume= 5 (aytap/hsa,/2+a) /h+ . ge Bo eet #8, _p/2ra,_, /+3,,) (2) P 


Si 


where L is the length of the float, n = the number of spaces, and 


Aa Bo o o of, are the sectional areas of the float sections, 


The preliminary estimates of the float size can be made on the 
basis of the "block coefficient", i.e, the ratio of the float volume to 
the velums ef the rectangular block, the length, width and height of 
which are equal to these of the fleat, The average value of ,li5 can be 


aesumed for this coefficient, 


Example 3 
4A seaplane float has a length of 21 feet, a beam of 3 feet 


and a depth of 2 feet, The probabie submerged displacement is: 
pl ae eS Kee SSO eae Thy 
or, in sea water at 6h lb./cu.ft.¢ 
6h x 56.7 = 3630 lb. 


In order to determine the "normal flotation”, the estimated 


position of the water Line is drawn on the side elevation of the float 


or hull, the intersection of this water line with each of the hull 
stations is measured, and the water line of each station is drawn on 
the front elevation of the line drawing, known as the "body plan", 

The sectional area below this line is measured for each station, and 
the same procedure is followed as described previously for the submerged 
displacement, The first estimate of the position of the waterline and 
of the normal flotation is facilitated by computing the draft on the 
basis of the block coefficient, based in this case on the length of the 
waterline, the maximum beam, and the draft, In this case .38 can be 
taken as the average value of the coefficient, If the normal dis- 
placement is found to be larger or smaller than the weight of the air-=- 
craft, the waterline is lowered or raised, and the procedure repeated 


until the displacement is exactly equal to the weight, 


Next, it is necessary to check the position of the center of 
buoyancy, i.e, of the center of gravity of the displaced water, For 
this purpose the sectional areas below the water line are miltiplied by 
the distance from the main step, and the resultant area moments are 
plotted, ee shown by the curves "forebody moment" and Nafterbody moment" 
on Figure Dele The distance x from the step to the center of buoyancy 
is determined ase 


Area under the cone ey) med A (eo under the afterbody 
ee moment curve (2) 


( Area under the curve of the normal flotation ) 
x is taken, of course, to the scale of abscissae of Figure 4 é 
In the example used above; 


Scale of the displacement area , , . 1" = 12,000 cu.in, 
Seale of the moment area. . . bi = 20,000x30 = 600,000 inl 


600,000 (15 = 5) _ ; 
ee 12, 000817. = 28,6 inches, 
The vertical position of the center of buoyancy is seldom computed, and 
can be taken with sufficient accuracy to be located between 35 and l,0 
per cent of the draft below waterline, The line passing through the 


center of buoyancy and drawn normal to the waterline must pass through 


the center of gravity of the seaplane, If it passes forward of it, it 
means that there is too much buoyancy in the forward part of the hull, 
and too little in the aft part, The assumed waterline is then tilted, 
so as to reduce the draft of the bow sections, and to increase the draft 
of the stern sections, Several trials and adjustments are usually 
needed, The change of the trim will affect the buoyancy, and the 
changes of draft, made to correct the buoyancy will affect the trim, 
Therefore both sets of computations mist be carried out concurrently, 


and the results tabulated to permit the interpolation between trials, 


2,2@ Static Stability - Metacentric Height = Application to Twin- 

Float Seaplanes. 

We will consider now the principles of static stability for a 
body floating on water, Assume Figure2.2to represent a cross section 
of a boat's hull, or more precisely a slice of a hull between two 
transverse planes spaced by the distance dx, Assume the hull to be in- 
clined by a small angle A; so that the triangular area Sy is emerged, 
and the area Bo is immersed, shifting the center of buoyancy from B to 

B, The vertical force of buoyancy now passing through By will intersect 
the centerline plane at the point M, called "Metacenter", If G is the 
center of gravity, we evidently have the stabilizing moment formed by 


the couple of the weight and buoyancy forces equal to: 
WxNMGx 9 


The location of the metacenter M generally depends on the angle 
of heel 6, but it is reasonably constant for small values of O, say up 
to 15°, When the metacenter is referred to, it usually means the 


initial metacenter for the infinitely small angle O , 


e 
The moment due to the transfer of the buoyancy of the emerged 


triangle having its center of gravity at 8 to the immersed one B5 is 
Je 2 5, | 
z = Od 3) 
XS | al HE ‘Saoieneat 
ea 3 ¢ a ( 


or integrating for the length L of the hull: 


Bf ypde 4) 


This moment is evidently equal to the moment produced by the entire sub= 
merged volume of the hull V times the displacement of the center of 


buoyancy BB > or 


4 
BB, xV = £0) ydy | (5) 


Substituting BB, = BM@, cancelling @ and transposing: 


2 fu sdy | | 
fold V7 (i >) 


the numerator of this expression is recognized as the moment of inertia 


of the waterplane, and the expression is rewritten therefore as 


BY = 


7 (7) 


Flying-boat hulls, and the floats of single float seaplanes 
are usually long enough to give the satisfactory longitudinal stability, 
so that special calculations are not needed, The floats of twin-float 
seaplanes must be checked for the longitudinal as well as lateral 
stability by the method described above. If I.is the moment of inertia 
of the waterplanes, and D is the displacement in cubic feet of both 
floats: 


FEAT (8) 


where I, is the moment of inertia of the waterplane of each float about 
its own centerline, and A is the area of the waterplane, i.e. of the 
intersection of the water surface with the float, b is the distance of 
the float centerline from the plane of symmetry, i.e. the half spacing 


of two floats, I, is quite small compared to A, and usually can be 


neglected, assuming I = 2Ab-, 


Since the distance BG is knowm from the design data, we get: 
MG = MB = BG 


The minimum spacing of the floats is determined by the require- 
ment of the Civil Aeronautics Administration for the minimim metacentric 
height MGs 


eS 
MG =4VR (9) 
Where MG is in ft. and displacement in cu.ft. 


The same expression WB = I/Xis used for checking the longi- 
tudinal stability, but in this case I is the longitudinal moment of 


inertia of the waterplane of two floats: 


Taf yxrdx (Vo) 


where y is the breadth of the waterplane, and x is the distance of the 
particular station from the centroid of the area, The outline of the 
waterplane is drawn by measuring the half breadth at each waterline on 
the body plan, and by plotting it against the length of the float, The 
waterplane area is either measured by the planimeter, or is computed by 
Simpson's Rule, The products ig ae are tabulated, and are plotted on 
the length basis, The Longitudinal moment of inertia of one float is 
obtained as the area under the curve, This is found either by the 
planimeter or by the Simpson's Rule. As before, MG = MB = BG, but in 


this case CAA regulations require thats 


a 
* ongitudinal MG = & VA yf eb 


Where MG is in ft. and displacement in cu.ft. 


2.3 Lateral Stability of Flying Boats and of Single Float Seaplanes 


The narrowness of flying=boat hulis and of single floats, and 
the resulting small moment of inertia of the waterplane area results in 
the transverse metacenter M being located below the center of gravity, 
i.e. the metacentric height MG is negative, This indicates the lateral 
instability, which must be corrected by auxiliary means, Figure 2.4-a 


shows the "stubs" or “sponsons" introduced by Dornier, and used in this- 


* See Appendix 2 for Current Regulations 


country by Boeing, By providing larger breadth, and therefore larger 
lateral moment of inertia of the waterplane, the stubs provide positive 
MG, and permit to attain the practical amount of stability. Figure 2.4-b 
shows the use of two auxilliary floats located near the main hull, and 
so disposed as to have sufficient waterplane area and moment of inertia 
to provide the necessary amount of stability, This arrangement was in~ 
troduced by Rohrbach, and was used in this country by Sikorsky. Both 
of these arrangements are now abandoned, because of the weight involved, 
and of the added water resistance during take-off, in favor of auxiliary 
floats of small size located near wing tips, as shown on Figure 2.5. 
The floats, known as "auxiliary floats" or “wing tip floats" are so lo- 
cated vertically that they about touch the water surface, some times 
immersed an inch or two, some times a few inches above water level, The 
flying boat is permitted to list a certain amount before sufficient 
buoyancy is developed in the auxiliary float for equilibrium, ~In-this- 
case it is.not practical to compute.the-metacentric-heights;~andthe— 
sizeof auxiliary. floats is. determined by empirical.rules;-We will 

.. quote -E,--G...Stout..(Reference-1L)< 


"The minimum submerged displacement for each auxiliary 


float is given (in SR=59) by the expression: 


bs ONG ; 
A= a. Th, Sin * GW) + 0.06VW | (ie) 


* 


where Ais submerged displacement of each side float, lb.3 

W, normal gross weight of seaplane, 1b.,3 1, distance between 
C.B. of side float and center tae of seaplane, ft.3 km ; 
effective height of €.G. above ¢. B, of main float or hull, 
ft.3 8, angle of heel required to submerge side float, deg. 3 
b, wing span, ft.3 and S, total wing area, sq, ft, . . o « 
First term within brackets is the result of the inherent up- 
setting moment caused by the effective destabilizing height 
of C.G.3 second term is result of the effect of wind on 
wings 3 and third term represents @ reasonable excess re- 


storing moment based on accumulated experience’, 


* See Appendix 2 for Current Regulations 


Tt is noted that in the second term the upsetting moment due 
to the side wind is taken to be proportional to the span and to the 
area of wings, since W in the denominator is cancelled by W in front 


of brackets, 


It is evident from the above that required size of the aux- 
iliary float increases as the float is moved inboard, and increases 
with the angle of list @ needed to submerge the float, For this reason 
the floats are placed as low as possible, and as far outboard, as the 
strength of the wing permits, If the floats are located too low, they 
cause additional drag during take~off, and are more exposed to the 
danger of the damage during landing, so that making the keel of the 
float just touch the surface, or to be submerged only an inch or two 


appears to be the best compromise, 


While only the buoyancy was treated in the above discussions, 
it is equally important for the float to have a satisfactory planing 
pettom to furnish dynamic lift at high speed, The general shape of 
the float must be such as to continue to generate the lift force when 
moving through water in fully submerged condition, Some streamline 
shapes suffer the rapid reduction of the lift force, or even change to 
the downward suction, if submerged while moving forward at sufficient 
speed, Fig. 2.6 gives the outline of the float which was used on 
naval float seaplanes, 


3. Planing, Resistance and Take-Off 
3.1 General Considerations 


Fig. 3.1 shows a flat surface of the beam B planing at the 
angle of trim T and wetted length é >» At the trailing edge the 
water breaks away forming a wave in the wake of the surface, It also 
breaks away cleanly on two sides leaving the upper part of the planing 
body dry. The exact speed at which this condition occurs is indeter- 
mined, and in this course we will generally consider speeds corres= 
ponding to Cy (te be defined in the following paragraph) > 2,5. In 
front of the planing surface the water surface rises first gently, 
then makes a quick turn up and forward, forming a thin sheet of 
water flowing forward, The streamline, separating the part of the 


water eventually directed forward from that flowing aft, meets the 


surface at the point called "stagnation point". At this point the 
maximum water pressure cn the surface is developed, Forward of this 
point the pressure drops sharply, aft of 1t the pressure drops more 
rapidly at first, then more gradually towards the trailing edge, The 
drop of the pressure aft of the stagnation point occurs more rapidly 
at small angles of trim Ge: and less rapidly at large angles, The 
region of rapidly curving water surface and in the vicinity of the 
stagnation point is given the name "spray root" by H, Wagner, who 
formilated the theory of its formation (Ref. 3a). It was first ob~ 


served experimentally by W. Sottorf (Ref, 3). 


Fig. 3.2 shows a vee planing surface, At, the point B, where 
the keel meets the water surface, there is no discernible rise of the 
surface, and this point can be assumed to lie on the undisturbed 
water surface, Aft of this point the water surface rises forming the 
spray root, so that wetted area at chines is at the point C, above and 
forward of the intersection with undisturbed water at D, H,. Wagner 
established the relation b, /b, = OF Pe from which it follows that 
L/h, = 2/97 . If we denote by } the ratio of the wetted length é to 


the beam B, we obtain the expressions § 


Wetted length of keel = B (, + tan g/27 tan 7 ) 
Wetted length of chine = B (\ = tan B/277 tanT ) 


These deductions are demonstrated to agree well with experimental data 
(pages 12, 13 and 1h of Ref, 5). 


3.2 General Expression of Hydrodynamic Force 


It is shown by dimensional analysis that a hydrodynamic force 


acbing on a submerged body, located far away from any boundaries, has 


the form 
Force =k hVil’ ole) (/3) 
where 2 


PP is the density of water in mass units 
VY - velocity in feet per second 
iL - any characteristic linear dimension of body 


= a non=dimensional constant 


)) - kinematic viscosity, defined as PP where { is the 


viscosity 


the ratio VL/p is known as Reynolds number, and is frequently 
denoted by Re. 


f(VL/p ) = f£(R,) is an unknown function of the Reynolds number, 


In the case of a body moving on water surface, the force acting 
on the body is further affected by the gravity (resulting from the wave 
making), and by the surface tension of water, which resists the dis— 
tortion of the initially flat surface, The expression for the force 
then takes the form: 


Force = bedevil MEM ge) ela) (/4) 


where 3 g is the acceleration of gravity 
G6 is the surface tension of water 


F and YP denote unknown forms of the functions, 


The ratio V/ANGL is known as Froude number, If this number is 
squared, the ratio takes the form v°/eb. Since for a given mass a is 
proportional to dynamic pressure, while gL is proportional to the force 
of gravity, the Froude number indicates the ratio of dynamic forces to 
the force of gravity, The ratio VL OP ), known as the Weber 
number , Likewise indicates the ratio of dynamic forces to the forces of 
surface tension, The detail treatment of the dimensional theory by 
which Eq, (1h) is derived, as well as of the boundary layer theory and 
laws of skin friction, to be discussed later, is beyond the scope of 
these notes, References to the simple treatment of these subjects in 


readily available books are given on page é 


It is not always necessary to consider all three of the 
functions f, F and Thus, the influence of the Weber number is felt 
only at low speed and in case of very small models, and in our study of 
planing we can consider is as constant equal to unity, i.e, we can dis= 
regard it, The Reynolds and Froude numbers will be considered separately 


in the problems involving the lift force and the drag force, 


3,3 The Lift Force 


The vertical component of the forces acting on a body is called 
the lift force, and will be designated by L. It is known from experi- 
ence that Reynolds number has very little influence on the lift, and 
that only the Froude number need be considered, In the study of the 
planing process it became customary to take the beam B as the character= 
istic length, and in such Case give the Froude number the special term 


"speed coefficient", and to designate it by Cy. Thus 


= VRB 5) 


Disregarding Reynolds and Weber numbers, and including the F(Cy) into 


the non-dimensional lift coefficient Cy,, we can rewrite Eq. (1k) as 
Liff = «ZO VIB* 
| /é) 
Where C, jae Cy, RB) 


It has not been possible to evaluate the coefficient Cy, ana~ 
lytically, and the value of it is established by the empirical analysis 
of the test data, It is found convenient to separate the effect of the 
deadrise Bp from the effect of eT , X and Cy, and to define first the 


lift coefficient CL, of a flat planing surface, 


L, I. Sedov (Ref, ) gave the following expression for the 
value of Cy = £(€ 5 2; Cy) 2 


G.=T[ PEAK + M0920 -.28C Yel 7) 


At the Experimental Towing Tank (Ref, ys this expression was simplified, 


and was written 


Ge” ea a% 20.0095 (Me)] V8) 


The first of these two expressions is particularly interesting 
in indicating the proportionality of Cy. with GC » Which is only 
slightly modified by the second expression, The second expression is 
slightly more accurate for the range of Cy used in seaplane design, and 


brings out more clearly the significance of , and of Cre 


The lift coefficient Cy, of a prismatic Vee planing surface 


is given in terms of a flat surface (Ref. 4A ) ase 


Cog = Chip ~ 0.00658 Ge (/3) 


For convenience of use the expressions (18) and (19) are 


given in the form of charts on Figure3.3, taken from Ref, 5, 


Example: 1, Find the lift A of a flat surface 1 foot wide planing at 
the angle of trim ] of 5 degrees at the speed of 20 feet per second 


on fresh water with the mean wetted length of 2 feet, 


C= 587 DA=L/B =Z.0 

Coe VNGB = Z0/V32.2«/ = 2.5 

C, 25.87 [Olé age +. 0098 (2/3. 5)*/= 
| 5.87 (.0/70 +, 002/) =, //B 


A= 18 (62. 6/6 32.2) xZ0°x/* = Fb Lbs. 


2. Find the lift of the above surface assuming that it has a Vee shape 


with the angle of deadrise p of 20 degrees: 


Cup =. HE —,0065 rZ0O a a O32 
A = 082 «(62.82% 32,2) 1Z0«/* = B/E bh, 


All of the expressions in this article were given in the form 
A= £(4), since it is not practical to give Eqs, (17 and (18) in the 


inverse form} = @(A), In the actual work it is the latter relation 


that is usually required, and can be easily obtained from the chart on 
Fig, 11. In the usual statement of a problem B, B, Aand V are given, 
‘The trim ( is taken as a parameter, and the } and @ are determined, 
In case of the aerodynamic analysis of an airplane, the wing area is 
fixed, and the computations are arranged so as to determine the lift 
coefficient and the angle of attack, In the case of a planing surface 
the wetted area (i.e, the ,) is variable, so the angle of trim © is 
taken as a parameter, and the computations are arranged so as to deter= 
mine }. Conversely, if the resultant force is to pass through the 
center of gravity of a seaplane, the wetted Length @ mst be held con= 


stant, and the angle of trim @ is the variable to be determined, 


The knowledge of the wetted length for every speed and trim 
angle during the take-off run of a seaplane will prevent many errors in 
the design, For instance were too small a beam B assumed, the calcu-~ 
lations would immediately show excessive wetted length, with wetting of 
the curved areas of the bottom near the bow, and with resultant in- 
crease of the resistance and spray, For all planing conditions the 
wetted area must be confined to the region in which the buttock lines 
are straight, and the forward area of the bottom where the buttock 
lines are curved must remain above water, In the same way the computa= 
tions of the wetted Length ba }B will indicate the maximum load A 
which can be used for a given B and @ » or the minimum value of the 
angle of trim © which can be used for a given load A, It should be 
particularly emphasized that the important first term of Eq. /8 shows 
that wetted length varies as the squure of the loading, and inversely 


as the square of the beam, 
3,4 Resistance of Prismatic Planing Surfaces 


The resistance of a planing surface is found to depend both 
on the Froude number and the Reynolds number and for this case Eq. (1h) 


is rewritten as 


Resistance = Rx ZpVvie Flips) fH (Zo) 


It was assumed, and subsequently verified experimentally that 
effects of the Froude number and of the Reynolds number can be separated 


and Eq. (20) can be rewritten as: 


_ Resistance ZO 
as ee k Ftv) + he f(R) ea) 


Thus, total resistance R can be considered as the sum of two distinct 
parts: the resistance which is due to the normal pressures on the sur= 
face, which would exist even in frictionless fluid, and one due to 


tangential, or frictional force, 


Normal pressures acting on a surface produce the lift as well 
as the drag, and for a prismatic surface two are connected by simple 


relation, resulting from Figure 3.4 
s aes 
Fas CAH TG 
and, dividing by 1/2pv°B" and denoting the dynamic drag coefficient 


by Cy? | Cup = C, Cre 


The effect of o is here already included in ¢ 
and 18, 


j, Obtained from Eqs, 17 


Friction drag coefficient, resulting from f(Rg) and referred to 


the square foot of area can be estimated on the basis of Schoenherr's 


aces ba, (BG) (Zob) 


For convenience of use the values given by this formula were tabulated 


Formula 3 


in Reference 9, The plot of Ce obtained by Schoenherr's Formula vs, 
Re is given by the curve (1h) on Figure 3-5, The value of 
Schoenherr's Formula lies in its applicability to a wigle range of 
values of Reynold’s number, If Reference 9 or the plot similar to 
Figure 12 are not available, and if the Reynold's number does not ex= 


ceed 2 x 10!, the simpler Prandtl-Karman formula can be used: 


op =.074 (vif) °* (Zoc) 


While for 10° < Re < 107 Schoenherr's formula agrees 
closely with Schlichting's formula 


C= O, FS 5° (20d) 


In Eqs. 20b, 20c and 20d the coefficient Cp is referred to the 


actual wetted area, i.e, is determined as 


Frictional Kesi'sfan ce. 
Cf se ee Ne hee 0 
Z OV" (Wetted fren.) a 


For use in Eq, 20a it must be converted to beam squared basis, i.e, it 


must be miltiplied by , and by Sec. 6, so that we have finally 


G=QtanT+ CA see (ho) 


The above equations refer to the turbulent boundary layer, which 
can be assumed to exist on the full-scale floats and hulls, In the 
testing of the small models the turbulent layer can be assumed to exist 
only if special measures are taken to induce it, as for instance, towing 
of a vertical wire in front of the model. Without such a precaution, 
the boundary layer will be often turbulent with laminar approach 
(Reference 7 ~ Figure 2), and the value of the frictional drag will be 


lower and the data will be less consistent. 


3,5 Ratio of Resistance to Lift 


The ratio of the resistance to lift R/A is often designated by € 
and called the "Planing Coefficient”, In the previous discussion the 
lift and drag coefficients were referred to the square of the beam as 


the characteristic dimension, and were designated as C, and C., For 


L D 
the following discussion it will be more convenient to refer them to the 


bottom area BL, i.e. to BS, and in this form we will designate them 


and 


Cy =GtanT + & Seep (404) 


as C 


0, ae In this form Eq. (20a) becomes: 


and 


red. Cano #GSS | 
6€= se = £6 GR F & Sec Lo 
a Z (Zok) 


On the basis of Equation 17, the lift coefficient Cg can be assumed 
to be approximately proportional to tan @ e-ses Ce = K tar; and 
Equation 20h takes the forms 


_ Can*e + Conse. 
al Can CT (£03) 


The form of this function is shown by Fig. 3.7, which represents the 
plot of the experimental data of Sottorf (Reference 7), obtained from 
tests on the planing surfaces 30 cm wide at the speed of 6 m/sec., or 
C of about 2555 
test—datea—on—the—basis—ofthe-abeveformitea, This diagram is very 

useful in understanding the influence of the angle of trim . It is 


noted that minimum resistance for Vee surfaces occurs at the angle of 
trim, pproximately 6 degrees, and the seaplanes are usually maintained 
at this attitude at high speed, when the pilot has the control power to 
do so, At smaller angles of trim the drag rises rapidly, due to the 
predominence of the second (friction) term, with tan ‘© in the denomi- 
nator being small, At the larger angles the first term predominates, 
and the curves approach asymptotically the line @= tan@ , indicating 
relatively unimportant effect of the friction, It should be empha- 
sized that these curves apply to the prismatic Vee planing surface of 
sufficient length, In the actual seaplanes the prismatic section 
cannot be made to support the load at, or slightly above the hump speed 
at the angle of the minimum drag, and the drag increases rapidly as the 
curved, upswept part of the bottom is wetted, In this case the angle 


of the minimum drag becomes mich larger, usually between 9 and 12 degrees, 


and the drag is correspondingly large, In analyzing the hull performance 
it is always necessary tc keep in mind these two factors: the angle of 


trim, and the corresponding wetted length, 


3,6 The Attitude and Bulance of the Planing Seaplane Hull in Two- 
Fig. 3.8 shows the seaplane hull in the planing condition ap= 

proximately at the hump speed, The hull is supported by water pressures 

on the forebody, the resultant of which is A= ae and by the pressures 

on the afterbody near the second step, the resultant of which is > g 

At a given angle of trim and a given speed, a certain wetted length L 

is required to support the load, and this can be determined from the 

formulae of Art, 3.3. In supporting the load the forebody deflects the 

water surface, forming the wave, The second step usually rides on the 

forward slope of the wave, somewhat below the level of undisturbed 

water, For the afterbodies of the length commonly used it can be 

assumed that ( at hump speed is equal to 1,2 6 » With 1.1 6 for very 

long afterbodies, and 1,3 6 for very short ones, A more accurate check 

. on the estimated value of 6 can be made by use of the data on the wave 

contours in the wake of planing surfaces given in Reference 8, Since 

this angle of inclination is not large we can assume the cosine of it 

to be equal to one, and can consider the resultant to be equal to A= o 

Then we have the positive pitching moment due to the forebody of a(A=8), 


from which the stern load is found to be; 
o = Aa/(arb) 


' It appears to be most advantageous to locate the center of gravity so 
that oe is 5% to 10% of A at the hump speed, With this load the hull 
is stably supported by the forebody and the afterbody forces, If the 
stern load‘is mch lighter it will disappear with very small increase 

of speed, leaving the hull supported in complete balance by the forebody 
alone, with the probability of the low limit porpoising, If the stern 
load is much heavier, the variation of it will produce significant 
changes in the forebody load, and in the resultant wave form, This may 


lead to the high limit porpoising. 


3,1 Towing Tank Data = Specific Test 


The primary purpose of & previous articles is to expose the 


basic principles involved in the process of planing, and to give the 
reader the understanding and the means of judging test data, The art 
of predicting the performance of a hull on the basis of its design 
characteristics is in its infancy, and in practice the design is laid 
out on the basis of the designer's experience, and usually is subjected 
to tests in the towing tank, There are three systems of planning the 


test, and of presenting the test data’: 


a, Specific test 

b, WN.A.C.A. General test 

ec, Experimental Towing Tank of the Stevens Institute 

of Technology collapsed data test, 
3.)1 The "specific test" is made to verify, and to present 

by graphs the characteristics of a specific design, at 
a specific initial load, and the specific take~off speed. 
It is the simplest test, and it gives the data usable 
directly with the minimum amount of calculations, Since 
the form of the function of the speed coefficient 
F(Cy) = F(v/feb) or F(VA/eb) in Bq. 1) is unknown, the 
model and the full-scale prototype can be compared only 
at identical values of the speed coefficient Cre 
Therefore the speed of the test is related to the size 


of the model by the Froude law of similarity: 
££ 
Vin / V¢s = \/ Lm /Lys, = >z 


where the subscript m denotes the model, the subscript 

fs denotes the full scale, and } is the scale, i.e. the 

ratio of any linear dimension of the model to that of 

the full scale, The size of the model is chosen, after 

consultation with the test tank staff, to be as large 

as the capacity of the towing equipment permits in re= 

gards both to the weight and the speed, with the latter 

being usually the critical limit, The model is 
*Note: Early seaplane towing tests included wings for aerodynamics. These test setups were 
complicated, it was difficult to properly model the aerodynamics because of differences in 
Reynolds number, requiring the use of leading edge slats to match the lift characteristics, 
and the data were not useful if the aerodynamic design changed. Methods of modeling the 


aerodynamics by mechanical means, developed by Locke and Davidson greatly simplified the 
test process. 


supported by the pivoted connection placed at the point 
corresponding to the Location of the center of gravity 
of the complete seaplane, The center of gravity of the 
model is brought to this point by a system of counter= 
weights, The weight of the model is also brought to the 


correct weight Ws 


Wn = Am = we Wes 


If the model is too light, the weights are added to it. 
If it is too heavy, it is counterbalanced, or "unloaded" 
by the means provided in the design of the towing 
carriage, Various features of the test are best ex= 
plained by the reference to Fig. 3.9  , showing the form 
in which the results are usually reported, The "Load" 
curve gives the weight supported by the hull at any 
speed, The initial loading is equal to the weight of 

the seaplane to the proper scale, or otherwise to the 
displacement at rest Ag The wings are assumed to remain 
at a constant angle of attack, so that at any speed V the 


load on water iss 
LIS LAV 


where V is the take off, or getaway speed at which the 
load on water A= 0, This relation is referred to as the 
"parabolic unloading curve", Such an unloading is 
achieved in the test by either suitable adjustment of the 
model loading, or by a hydrofoil immersed in water, and 
adjusted so as to balance fully the weight of the model 
at the getaway speed, 


With the model "free to trim", i,e, to assume any . 
attitude solely under the action of the water forces, 
the following quantities are measured: 

a, Vertical displacement of the model with 

respect to its position at rest, referred 


to as the "change of draft", "heave" or 
Hvisel : 


b,. The angle of trim the model assumes, 


ec, Tne resistance, 


All of these quantities are plotted against the speed as 
shown on Fig. 3.9. These tests are made for the series 
of speeds from the start to the highest speed at which 
the test can be safely performed, At too high a speed 
the model may develop the tendency to dive, endangering 
both the model and the apparatus, Usually the test can 
be carried to the speed at which the angle of trim, di- 
minishing with it, drops to about 5 degrees, If the 
model tends to oscillate, this is eliminated by connec= 


ting it with a dashpot giving sufficient damping, 


The hull design may be such that the model left to 
itself assumes the angle of trim different from the one 
desired for the best performance, To check this, certain 
test runs are repeated with the model restrained from 
pitching, i.e. are run at a "fixed trim", and the 


following quantities are measured: 


a, The change of draft, 
b, Pitching moment exerted by the model, 


c, Resistance, 


The range of these tests usually covers the most 
probable attitudes of the seaplane, i.e, the large trim 
angles at the hump, and the low trim angles at higher 
speed, so as to furnish additional data not obtained in 
the free-to-trim test, On Figure 1 the corresponding 
curves are distinguished by the indication of the angle 
of trim, 

Now certain features of the test curves can be 
pointed, It is noted that both the "change of draft" and 
the "angle of trim" curves show a slight dip at (A) at 
very low speed, shortly after the start of the take-off 
run, This is primarily due to the suction generated by 


the water flow around curved bow sections of the hull, 


In the satisfactory hulls this feature is of no importance, 
In certain hulls, however, the excessive curvature of the 
lines at the bow, combined with excessive draft at the bow, 


makes this small dip to develop into the complete diving, 


The next point of importance is the maximum in the 
resistance curve at (B) usually referred to as the "hump", 
This is the critical point which often will determine the 
ability of the seaplane to take off, as this is described 


in greater detail in Section 3.F, 


The hump in the resistance curve is usually associa- 
ted with the maximum in the angle of trim curve, although 
often it may occur at a somewhat lower or higher speed, 

As can be seen from Fig. 3.8 the higher the trim of the 
hull at the hump » the higher will be its resistance, To 
reduce the resistance 1t is necessary to reduce the angle 
of trim, and this can be achieved by either reduction of 
the sternpost angle, or by increasing the afterbody length. 
The reduction of the trim angle will decrease the re~ 
sistance only if the region in which the buttock lines 

are straight is long enough to accommodate the increased 
wetted length, resulting from the Gee eease of, the angle 

of trim, Because of thése considerations it is highly de- 
sirable that during the test the wetted length be observed 


with respect to the suitable markings on the model, 


After passing the hump speed, the slight break in the 
trim curve at (C) corresponds to the rise of the stern 
from water, and to the beginning of the planing on the 
forebody alone, At the hump the speed is low, the wetted 
area is large, and the stern load iS) is therefore also 
large, The orientation of the force vector Sy is such, 
however, that is does not contribute to the total drag, 
which therefore corresponds to the load hear rather 
than A, The increase of the planing speed above the 
hump causes the decrease of the wetted length, although 


the rate of this decrease is tempered by the simultaneous 
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decrease of the angle of trim. Eventually the wetted _ 
length is shortened to such an extent that the resultant 
force Bec on the forebody passes through the center 
of gravity, becomes zero, and the second step leaves the 
water surface, The angle of trim between the hump and 
the point (C) of Fig. 3.9 is determined by the sternpost 
angle and the wake configuration, giving a broad low 
peak of the resistance curve, Were the sternpost angle 
increased so that the trim © would become much larger, 
the wetted length would become shorter, the sternpost 
Load ot at hump would would become light, and a very 
small increase of the speed would reduce it to zero, The 


points B and C would almost coincide, If no external 


_ moments were applied, the resultant of the forebody pres- 


sure would have to remain thereafter in one position deter=- 
mined by the position of the C.G, This means that the 
wetted length would have to remain essentially constant, 
and the increase of the speed would have to be compensated 
by the decrease of the angle of trim © ., ‘The trim too 
high at the hump would tend to become too low at the high 
speed, The resistance curve would display a high and 

sharp peak at the hump, with the tendency to rise again 


at high speed, 


General Tank Test 


The drawback of the specific test is found in the 
lack of means of using the data for the speeds and loads 
other than those used in the test, The N.A.C.A. "General 
Tank Test" was devised to give the data which can be 
used for the wide range of loads, speeds, and hull sizes, 
For this purpose all test data are put into the form of 


non=—dimensional coefficients: 
Load Coefficient C, = Avo? 


Resistance Coefficient Cp = R/wib” 


Speed Coefficient Cy = V//go 
Trimming Moment Coefficient G, = wie" 


Draft Coefficient C, = d/o 


where 2 

A displacement in units of weight, 

w weight of water per unit volume, 

b beam, 

d draft, 

VY speed, 

M pitching moment about c.g. of the seaplane, 


g acceleration of gravity. 


any consistent system of units can be used such as pound 


foot-second, or metric ton-meter=second , 


Ce and Cy are determined by test, and are plotted 


against Cos with C, as, parameter , A separate plot is 
made for each value of the trim angle Ga Figure 3.10 
taken from Reference (20) gives the data for C= qs 

This particular report covered the values of © of 25a Tso 


and 11 degrees, 


The drawback of the plot shown on Figure 15 is that 
it is impossible to judge where the best value of R/A is. 
For this purpose the alternate way of presenting the 
general test data is shown on Figure 160, also taken from 
Reference (20), The resistance coefficient Ce is plotted 
against the angle of trim, with Gand Cus as parameters, 
Thus for a given trim angle and loading, the resistance, 
and the pitching moment are readily read from the chart, 
A separate chart is prepared for each value of Cs and 
two such charts for C.. of 3,5 and l|,C are included on 


Figure 3.11. 


Attention is called to the wide range of values of 


C,, used, so that every conceivable condition occurring 


during the take-off run of a seaplane is represented, 
This is very important advantage for N.A.C.A. reports, 
which are used by many designers for many problems, © 
The disadvantage is in that the plots do not convey 
directly the picture of the take-off performance and 
the data have to be read from the general test charts, 
and put into the form of the specific test for the 
analysis of the specific problem, While very large and 
expensive test schedule is needed to cover the broad 
field, for which the data are intended, the number of 
points which can be obtained for a specific problem is 
rather small, and there may be some difficulty in the 


precise definition of the specific curve, 


Examples Assume a flying boat to which the data given 
by Fig. 3.10 apply, with the beam of 10 feet, the gross 
weight of 64,000 pounds, and the getaway speed of 100 
ft, per sec, operating in sea water, Find the re- 


sistance and the pitching moment occurring at 60 ft, per 


sec, 
CA 64,,000/6, x 10? = 1,00 
2 
¢, = 1,00 [2 - (60/200) | = 6) 
C.= 60/32 .2 x 10° = 3,3 
from Figure 15: ¢, = oll? C= +,06 


R uM 


Resistance = ,117 x 64 x 107 7h.8QGpounds . 


i] 


u 


Moment = ,06 x 6 x 104 40,300 ft.1bs, 


The computations of this type can be readily arranged in 
a tabular form to cover a number of values of V through= 
out the speed range, thus furnishing the data for the 
plot of the resistance and moment curves, Making the 
computations for the several values of the angle of trim 
will indicate the most favorable attitude of the boat 
for any speed, The use of plots of the type shown 
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on Fig. 3.11 will save some labor, since the best 


values of trim are directly indicated, 


Stevens Collapsed Data Test 


The method of plotting the data, originated at the 
Stevens Institute of Technology, and described in 
Reference 11 aims at giving the data of the General Test 
type with lesser number of test points, and.in 4 more 
compact form, It also demonstrates more clearly how 
satisfactory test data can be obtained from a model which 
is too large for the available tank capacity to permit 
the straightforward specific test shown on Fig. 3.9. 

It is the direct outcome of trying to get greater useful~ 
ness of test tanks which are much smaller than the tanks 
of N.A.C.A. The seaplane hull performance is considered 
in two separate parts ~- below and above the hump anal: 
Below the hump speed the attitude of the hull is deter— 
mined by the hull interaction with the wave it creates, 
and very large moments would be needed to modify this 
natural angle of trim, The effect of aerodynamic controls 
is therefore weak, and to the first approximation can be 
neglected, The hull therefore is tested free to trim, 
and the angle of trim and the resistance are recorded, 
Below the hump, i.e. in the displacement range, the re- 


sistance coefficient is a function of the Froude Numbers: 
L 2.2 2 
R/g PV L° = £(V°Ab) 


where L is any characteristic dimension, Defining L as 
(afr) 1/3 » and substituting the N.A.C.A. coefficients 


puts the above expression into the forms 


G 2 


Cc 

se (by) 

2/3, 2 cws' 

c.f C 
A Vv A 

The typical free~to-trim test curve expressing the above 


relation is shown in the middle section of JFig. 3.12. 


Considerable range of the hull loadings C, of a given 
hull is found to give the same curve, and conversely one 
curve can be taken to represent considerable range of 
loadings, so that it is not necessary to test actually 
for many loadings, The overloading may give, however, 

& somewhat higher resistance and a higher trim angle, 
and therefore tests should be made for this condition, 
With the general shape of the curve well established, 


relatively few check points are needed for this, 


Above the hump speed and particularly at the im- 
portant range near take-off or getaway speed the aerody= 
namic controls are effective, and a pilot is usually able 
to keep the hull at any attitude he chooses, Therefore 
the tests for the planing range above hump are made at 
a series of fixed trims, In this range the resistance 
can be assumed to be approximately independent of the 
Froude Number, and for a given angle of trim, dependent 
on the loading only, This statement is essentially 
equivalent to neglecting the second term in square brac= 
kets in Eq. (18), and in Eq, 20f neglecting the variation 
of Ce with Reynolds Number, The neglect of the effect 
of these variables permits to write in the coefficient 


forms 
Res STANCE 
EP NOL - ar) 


or ee the N.A.C.A. coefficients s 


Test results are computed, and the above relation is 


plotted as on Fig. 3.13, giving a curve for each angle 


of trim, By cross plotting the curves of the trim 
VS. C,/C,, with the CYC, as parameter are finally 
obtained, These are shown separately on Fig. 3.14 , and 


as a part of the lower diagram on Figure 3.12 


Examples Assume the hull shown on Figure 17 to be used 
with the beam of 8 feet, gross weight of 27,000 pounds, 
and getaway speed of 90 ft, per sec.,, assuming the 


parabolic unloading curve, Find the resistances 
C, = 70/V32.2x 6 = 37 


Cr = 27,000/6h x 8° = 82 
a 2 
Cx 62 /2 ~ (70/90)2/ = 32 


(eve, Gre 
From the lower chart of Figure 17: 
Vc. /c. = ,0625 at the angle of trim of 9 degrees 


at which the pitching moment coefficient Cr is 


Zero, 


The Ratio 


Vee/Cv] OG /e0] = \Ce fen =. 062/125 46 
Ce /Ca = ,23 Ce=,23%,322,0/37 
Resistance Grete Pe 
0737 «64 °*8* = ZAZ0 Lbs, 
The resistance can be reduced by applying a nose- 
down moment by means of elevators so that angle of 


trim be reduced from 9 degrees to 65 degrees, at which 


fc, /, of ,0575 is obtained, or R/A= .195, 
a aie al 


3.8 Turbulence Control and Correction of Frictional Drag for 
Changes in Reynolds Number 


A small model tested in a towing tank at low speed may have a 
partly laminar flow, so that friction drag coefficient may be anywhere 
between the laminar and the turbulent (Schoenherr's) drag coefficient 
curves, In order to avoid the uncertainty in Cp value, the turbulence 
may be introduced by means of towing an approximately vertical piece 
of round rod or wire in front of the model and close to it, The turbu- 
lent wake of the rod induces the turbulence in the boundary layer, and 
raises the Cr value to the Schoenherr's curve, the use of which permits 
the recalculation of it from the Reynold's Number of the test model to 
that of the full-scale prototype, The measurements of wetted areas 
needed for direct application of friction drag formlae Gt@very seldom 
made, However, a simple method of correction can be devised by using 
the ratio of Reynolds numbers Re,,/Reg s where subscripts m and s desige 
nate the model and the full-size prototype, Using the exponential 
form of expression for Crs such for instance as Prandtl-Von Karman 


formula, we can writes 


2 re 12 
BB) (EE) (Aya 


for the range of values of Re >2 x 10°, where the Prandtl-Von Karman 
formila does not apply directly, it can be made to approximate 
Schoenherr's line at Re, and Re, by replacing the exponent 0,2 by 
another suitable value, Since the specific test is made on the basis 
of identical Froude Number for the model and the full-scale prototype, 
the wave formation of the model is identical with that of the proto- 
type, and the distribution of wetted area is identical, The friction 
resistance is therefore proportional to Cro The procedure of making 


the correction, therefore, is as follows: 


Total measured resistance at the 
angle of trim — — = saya 
Resistance due to load A= A tant— — 


r 
wn 
w 

«a 
w 


Frictional Resistance — — = A=-B 


a 


Corrected Frictional Resistance (A-B),°°-——-— - 


u 


C 
Total Corrected Resistance —— —— —— —~—= B#€ 


Care should be taken to define a as the true mean inclination 
of the planing area and not as a nominal figure referred to an arbitrary 


reference line, 


3.9 Take-Off Calculations 


In the problem of making the take-off calculations, the initial 
load and getaway speed are determined by the design of the seaplane. 
Since the minimum drag of the hull at high speed occurs at the angle of 


trim of about 6 degrees, this angle of the keel is assumed, and the 


corresponding angle of incidence of wings is taken in computation of the 
take-off speed, The flaps are found usually beneficial when lowered for 
the take off to the angle of approximately half of that used for landing. 
The lift coefficient obtained on this basis is further increased by the 
ground effect, by the slipstream of the propeller, and by the vertical 
component of the propeller thrust, As a rough rule it is suggested that’ 


lift coefficient be increased by 25% to account for these factors, 


The parabolic unloading curve can be usually assumed, For a 
given speed, the loading is read from this curve, the Cy and C, are come 
2 173 ; 
puted, and from these Cc. [Cn and yo /C,. The corresponding values 
of Cp and of the trim € are then determined from a suitable data report, 
such for instance as Reference (21), These are used to construct the 
curves, Similar to the ones which are given directly by the specific 
test, Computations based on the general test data can be carried out 
directly in terms of the full-size seaplane, as this has been done in 
two examples above, The data of a specific test usually refer to the 
model of a certain scale }, and have to be scaled up to the full size by 
the relations 3 
1/2 
fs — Vil 
m 3 
fs — RL/s 


The angles of trim of the model and of the full-size seaplane correspond 


directly. 


On JFig. 3.15 the curve "hull drag" represents the sample plot 
of such a secaled-up drag, The aerodynamic drag is also plotted, and the 
two are added to form the total drag. The aerodynamic drag is computed 
for the attitude of the seaplane corresponding to the getaway angle of 
incidence, or approximately that of the steep climb, ‘The increase of the 
drag due to the propeller slipstream is taken into account, The pro- 
peller thrust is computed by the methods given in various courses and 
data books on aerodynamics , and the curve of thrust vs, scale is plotted, 
The difference between the propeller thrust and the total drag represents 
the force available for the acceleration, Since this force varies with 


speed, the acceleration has to be integrated over the entire speed range, 


This is accomplished most conveniently by the following graphical con=- 
structions compute the velocity reached in the first second 

= g x thrust/weight, where g is the acceleration of gravity = 32.2 
ft./sec.-, convert it into m.p.h., plot on the speed axis of Figure 20, 
and draw the lines b-c and b-d which make the angle S with the verti- 
cal axis, The increment of speed a! gained in any of the following 
seconds is defined as a! = a x (thrust less drag)/(initial thrust), i.e. 
the increments of speed are proportional to the accelerating force, All 
that is needed, therefore, is to draw two series of the parallel strokes 
filling the space between the thrust curve and the total drag curve, 
each stroke inclined at the same angle * O to the vertical, where OC Cis 
the angle of inclination of the initial stroke bec, The number of 
strokes gives the number of seconds consumed in the process of take off, 
The zig~zag pattern of inclined strokes of Figure 3-15 permits to read 
off, and to plot the apes V versus time counted from the start, The 
take-off distance § -{* VY dt is determined as the area under such a 


curve, 


The take-off time can be calculated also by an alternate 


method of integration, Writing formally: 


t=f{ dt ((20;) 


substitute 


te LAY | (20k) 


where: a’ is the acceleration at a given instand defined as TE) 


CT-R is the effective or net thrust, i.e, the difference between 
the propeller thrust and the total resistance (in pounds) 
as given on Figure 3. 12 


= 32,2 ft./sec.* the acceleration of gravity, 
V is the speed at any given instant, 


V, the getaway speed, W- the gross weight. 


Substituting Equation (2 ok }y into Equati on( x0 ls 


t= Vinore dv (Z0¢) 


The values of pyar’ computed for a series of values of V from 0 to 


V_, preferably using uniform and even number of steps or increments AV. 
The integral (23) can be evaluated then by Simpson's Rule, 


For more detailed discussion of the take-off computations con- 
sult References 12, 14, 15 and 16, 


It will be noted that there are two minima of acceleration: 
at the hump and near getaway speed, The relative importance of these 
varies with the value of Cy at getaway, Large flying boats usually — 
have low Cy = v/ feb, even if V is large, because of the large value of 
b, The hump speed is usually critical in such a case, while at the 
getaway speed ample excess thrust is available for the acceleration, 
Relatively small sternpost angles, producing relatively low trim angles 
are, therefore, in order, On the other hand, a small twin-float seaplane 
may have low V, but b is so small that resultant Ce is large, In such 
a case the total drag near getaway speed may approach the available 
thrust, leaving only a small margin for acceleration, The high speed 
range now has to be favored, the sternpost angle has to be large to 
avoid afterbody interference, even at the expense of the increased trim 
and the drag at hump speed, By varying the beam or the sternpost angle, 
the best compromise between the hump and the high speed range is 


achieved, 


lh. Dynamic Stability - Porpoising and Skipping 
4 Definition, Physical Nature and the Theory 


The "porpoising" is defined as the combined oscillation of a 
seaplane in pitch and in heave of the sustained or increasing amplitude, 
occurring while planing on smooth water during take off or landing, In 
the violent case it may take the form of a series of jumps, during which 
the seaplane is thrown clear out of waters ordinarily the oscillation 


of the total amplitude of 2 degrees is recognized as the porpoising. 


Fig. 4.1 shows the seaplane planing on the forebody alone, 
with all forces in complete balance, i.e, with the vertical components 


of the wing lift and of the water pressure on the hull, designated to- 


gether ass Z, equal to the weight W. Fig. 4.1 (a) shows the conditions 
modified by the decrease of the draft, i.e. by the rise of the seaplane, 
so that initial height of the center of gravity h is increased by Ah, 
without any change in the Shee of trim, The wing lift (shown by the 
open arrow) is not changed, but the hydrodynamic lift (solid arrow) is 
decreased, due to shortening of the wetted area from L to L,, The excess 
of the weight W over the lift forces = 2Z imparts a downward acceleration 
to the seaplane, Fig- 4-1 (c) shows the reverse conditions, occurring 
when the height of the C.G. over water is decreased by Ah, causing in= 
crease of the wetted length from L to L,,. Now2Zis larger than W, 

and the seaplane receives an upward acceleration, The oscillatory 
motion produced by these alternating unbalances of forces and moments 

is damped by the forces on wings and the hull resulting from the veloci- 


ty of the motion, The final motion is defined by the equations 


az 


2 
dz 
ao ot ae ee ee (2/) 


wheres 2 is’ the vertical coordinate of the center of gravity. 
t - time 


Z =- the resultant of ali vertical forces, referred to the 
unit of mass, 


a, %2z/dAW'» the rate of change of the force Z with the 
verticas velocity w, i.e, the damping in heave, 


Z = 02/9z = rate of change of the force Z with the vertical 
= displacement, due to the change of the wetted length and 
weeme displacement, 

Similarly, Fig. 4.2 shows the changes in the balance of moments, The 
middle sketch.(b) shows the seaplane in the balanced condition in 
steady planing withS M = O, the upper sketch (a) shows it with the angle 
of trim decreased, and the lower sketch (c) with the angle of trim es 
creased, In the first case the wetted length is increased from L to Lys 
and the vector of the water pressure is moved forward from the distance 
p forward of the step to Pye As the seaplane is usually stable aerody= 
namically, the resultant air force is also moved forward, Both are 
producing now the positive pitching moment restoring the original trim, 


In the second case, with the. angle of trim increased, the wetted length 


is decreased from L to L,, and both the hydrodynamic and aerodynamic 


2? 
force vectors are displaced aft, producing the diving moment, The re= 


sultant oscillatory motion is defined by the equations: 
ao/at® 4 U, a/at + HP = 0 (22) 


wheres © is the angular coordinate, such as the angle of trim, or 
the angle of attack of the wings. 


M_ = OM/dq —- is the damping moment produced by the 
4 angular velocity in pitch q, mostly due to the aero- 
dynamic action of tail surfaces, 


My = OM/O @ - rate of change of the pitching moment with 
the attitude, This consists of two parts: aerodynamic 
du, /dO&_ and hydrodynamic dM,/dT , where M, is the mo- 
ment due to the air forces, M, is the moment of all 
water forces, oO is the angle of attack of wings, and ‘| 
is the angle of trim of the hull, 


M - total pitching moment due to aerodynamic structure and 
the hull, referred to the unit moment of inertia. 

The coefficients ou and My are always negative and represent 
the damping forces, while the coefficients 4, and My» also negative, 
represent the restoring forces, The damped system possessing the 
static stability is evidently stable in the sense that the effect of 
any accidental disturbance decays with time, Therefore, taken by 
themselves, the motions described by Equations ( 21) and (,22) are 
stable, and towing tank tests demonstrated that porpoising does not 
occur if the model is free to move in heave or in pitch alone, 

However, it is clear from Fig. 4.1 that a motion in heave produces 
also pitching moment due to the displacement of the hydrodynamic force 
vector with the change of the wetted length, Thus the upward displace- 
ment #Ah is accompanied by the aft movement of the resultant water 
force, and therefore by the negative pitching moment. Likewise from 
Fig. 4.2 itis clear that pitching motion produces changes in the 
vertical forces -- for instance, the reduction of © means also the 
reduction in X, and therefore the reduction of the wing lift. 
Therefore, the motions in pitch and in heave are not independent, and 
the complete motion is not described by the independent equations (,21) 


and (.,22), but by the equations which include also the "cross coupling 


terms" 3 


2 2 
a°z/at™ + Ze dz /at +224 24 ao/dt + Zo8@ = 0 02) 


2 2 
ave/at™ + Mi do/dt + Mg@ + M, dz/dt + M2 


it 
oO 


where the cross coupling terms ares 


Z = 02/94 is the rate of change of the vertical force 
a with angular velocity. 
Za = Q2Z/0° rate of change of the vertical force with 


the angle of pitch. 


My = OM/Ow rate of change of the pitching moment with 
vertical translational velocity w. 


M_ = OM/Oz rate of change of the pitching moment with 
the heave, 


Since the porpoising motion is described by the solution of simultaneous 
equations (72) the heaving and pitching motions occur simltaneously 
and with the same period, although not in the same phase, The complete 


solution of the pair of simultaneous differential equations (23) takes 


ng Sad) aa 
ee similar die = @) 


expressing the vertical coordinate %as a function of time, of a certain 


the form 


set of magnitudes 6, 6. 63 and Oy which depend on the hydro- 
dynamic and aerodynamic properties of the seaplane and indicate the rate 
at which oscillations increase or decay, and of coefficients A, B, C 

and D dependent on the initial conditions. The solution in this form 

is very cumbersome, and is of little interest in the study of porpoising, 
since the interest lies in avoiding the oscillations, rather than in the 
study of their properties, What is desired is to find. the conditions 

at which the accidentally introduced disturbances with ‘decay, i,e. the 
conditions at which all 6's become negative, This condition is indi- 
cated by a simpler form of solution known as "Routhts Criterion", which 
merely indicates whether the motion is a stable one or unstable, i.e. 


whether oscillations caused by an accidental disturbance decay or in- 


crease with time, 


It has been shown (Ref, 22) that accelerations and forces in 
the direction of planing can be neglected, and they are not represented 
therefore in the system of equations Ok, There are nevertheless © 
stability derivatives to determine the combined pitching and heaving 
motion, and most of these are composed of aerodynamic and hydrodynamic 
effects, the relative contribution of which varies with speed during 
the take-off run, The difficulty in visualizing the aggregate effect 
‘of so many parameters, the uncertainty in evaluating the derivatives, ° 
and the labor involved in applying the above theoretical method pre- 


' vented the use of this theory in the practical design work, and limited 
it to improving the understanding of the porpoising phenomena, although 
stopping far short of making it clear. Appendix 4 contains a clear 
derivation of the equations of motion and gives a method of estimating 
the stability derivatives from planing data. Chapter 10 discusses how 
this may be applied to a computerized prediction approach. Also, see 
references (22) and (23) for the basic theory, (2) and (25) for certain 


applications and experimental verifications, and (26) for the excellent 
experimental study of the effect of each of the derivatives, and of 
’ the certain ies elias. varied one at a time, Reference (26) 

and a similar to unpublished work of Sottorf indicate that character- 
istics of the hah itself strongly predominate over aerodynamic charac 
teristics of a seaplane, and that aerodynamic changes within the 
limits permissible in practice have little effect, Of these the 
changes of the damping characteristics of tail surfaces G@F@«s most im- 
portant, Changes of the wing lift, however, produce changes of the 


hull loading A, which is an important parameter in the hull action, 


Reference to Fig. 4.2° and to Equations (17 and 18) shows 
that as the angle of trim is decreased for a given load and speed, the 
wetted length L = )B gets larger, the movement of the force vector 
increases, thereby increasing pitching moments, and the derivatives 
My and M, increase, The damping moment derivative M_ on the other.. 
hand depends mostly on the tail surfaces of the seaplane and on the 
conditions at the spray root of the planing pottom, and vary but little 
with the trim angle, As the trim is decreased, therefore, sooner or 
later the point is reached when the planing ceases °to be steady, and 


spontaneous oscillations develop, The trim at which these oscillations 


acquire the total (2) amplitude of 2 degrees is known as "the lower 
limit" of stability. Since for any given seaplane it depends primarily 
on the wetted length, which in turn depends on the speed and loading, 
the most consistent graphical representation is obtained by plotting the 


trim at the lower limit against the parameter : 
eas at Zs = is 
VEx/Cv = VpyveBe = f(A) (24) 


Reference to Eq. 18 shows that for any particular angle TC the parameter 
(.2)) defines the \, i.e. the ratio of the wetted length to beam, The 
plot of the lower limit is shown by two lowermost curves in the lower 
section ofFig. 3.12, which is also used for plotting of the drag data 


in the planing range, 
4.2 Porpoising in Two-Step Planing at High Speed_ 


In the previous article the planing on the forebody alone was 
considered, Figs. 4.3 and 4.4 show the effect of the heave and pitch 
respectively on the seaplane planing on two steps, In each case the 
middle diagram (b) shows the steady planing when 2Z = O and M= 0, 
and the moments of hydrodynamic forces acting on the forebody are 
balanced by those acting on the afterbody. Since the hydrodynamic lift 
is produced by the downward deflection of water, the depth of the wave 
depends on the forebody load, The decrease in the draft, i.e, the up- 
ward heave, as shown on Fig. 4.3 , reduces the hydrodynamic force on 
the forebody, the resultant wake depth 7] becomes smaller, and the 
wetted length and the force on the afterbody are increased, In extreme 
case, when the forebody keel at the step just leaves the water, the 
wake disappears, and the afterbody meets the full impact of the undeflec- 
ted water, While the total force 3 Z is decreased with elevation of 
the center of gravity, and the net force W-3Z gives the downward ac- 
celeration, the powerful diving moment is simultaneously generated, 
i.e, the cross coupling derivative iu = 0\M/92 becomes extremely 
powerful, The oscillatory pitching motion here is only partly due to 


the shifting of the resultant force on the forebody, but is primarily 


due to the variation in the magnitude of the afterbody force, In 

heave oscillations it is the see-saw effect of the force increment 
acting alternatively on the forebody and the afterbody, which produces 
the pitching moment, and the cross coupling derivative Me While 
pitching moments are large, the actual angular motion is often not 
large, because of the long distance between the forebody and the second 
step, Furthermore, changes of the wetted length and of the angle of 
incidence of water impinging on the afterbody are not only due to 
changes in trim, but to the larger extent are due to changes of the 
wave depth 7) in the wake, 


The oscillatory motion in two-step planing occurs in the region 
of the hump speed, where the plot representing it blends gradually 
into the low-limit porpoising curve, as the stern leaves the water sur- 
face with increase of the speed, It is seldom important in this region, 
It occurs again at the speed somewhat above the hump speed and up to 
the getaway speed, when the angle of trim is increased sufficiently to 
produce the two-step planing, In this region it is know as the “upper 
limit porpoising, trim increasing", If the upper limit porpoising oc- 
curred as the result of the increasing trim, and the attempt is made to 
stop it by decrease of the trim, the oscillations often will stop only 
at a mich lower trim than the one needed to start it, The resultant 
new limit is known as “upper limit, trim decreasing", or as the 
“secondary upper limit”, The region between these two limits is one 
of the potential instability: a steady planing is possible, but 
sufficient disturbance will produce sustained oscillations, This is 
important because such a disturbance is actually produced on the 
landing at a higher angle of trim, followed by the nose-down pitching 


motion towards the lower trim of steady planing, 


4.3 Experimental Technique 
In the absence of a theory sufficiently developed for the 


practical use, the designer can get the estimate of porpoising charac- 
teristics of a new design only from model tests, While testing a hull 
model for the resistance, it can be made to run steadily by the use of 


sufficient damping in pitch, which may be anywhere from 5 to 80 times 


that produced ty the tail suriaces of an actual airplane, Tne presence 
or aosence of oscillation in such a mouel, with or without the damping, 
has no relation whatscever to tne oscillation of the complete airplane, 
since aerodynamic effects and moments of inertia are not represented 
correctly to scale, For predicting porpoising characteristics, not 
oniy bhe model of the full snoula be correctly scalea down in dimensious 
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to tne scale ,”, but the aerouynamic 


strucwure gist vo correc lly representea im the slove of the lift curve 
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types of testing of such "dynamically similar" models are mow in use in Ae 


U Sofie? 
a, Complete radio-controlled mouel., powered with 


vasoline eivines, as used by Convair under guidance 


of Ernest G, Stout (Rel, 27 and 27a). 


Db, Complete model, without power, or with the power 
derived from electric motors, used in a large 
towing tank, the carriage of which restricts the 

mecel in roll and in yaw, and sometimes controls its 

forward velocity, while leaving it free for all 
motions in pitch and neave, This method, originated 
by E, P, Coombes in England (Ref, 28), was developed 
and used in the U.S.A, by the N.A.C.A. under the 
guidance of Starr Truscott and John B, Parkinson 


(Ref, 29), 
¢, The model of the ull only is correctly represented 
in lis geometry, with the weigiit and the moment of 


Lnertla correspond. 


% to the complete seaplane, ‘The 
effect of wings 1s represented by suitably arranged 
hydrovane or by a spring seat erase and the aero= 


dynamic danping moment is represented by the vroverly 


calibrated dashpot, This metnod, permitting the use 


of smaller and simpler models, has been developed by 
Dr, K, S. &,. Davidson, F. W. S. Locke, Jr. and 

W,. C, Hugli, Jr., and is used by the Experimental 
Towing Tank of the Stevens Institute of Technology 
(Ref, 26). 


In all of the above methods the model is made to plane at a 
series of speeds covering the complete range from the nump to the 
getaway speed, and a series of trims covering the range between the 
upper and the lower limits of stability, In the methods (a) and (b) 
above, the trim is controlled by elevators, while in (c) by application 
of the equivalent pitching moment by means of a calibrated spring in- 
corporated in the test apparatus, The test data are expressed by means 


of four curves shown on Fig. 3.12’; 


a, Free=to-trim track, i.e. the plot of the angles of 
trim assumed by the model with zero applied moment, 
or the elevator in the neutral position, This is 
sometimes supplemented by a similar curve with ap= 
plied stalling or diving moments, or with displaced 


elevators, 


b, The lower-limit curve, i.e. the curve of the Lowest 
trim at which the amplitude of oscillations does not 


exceed ¢ degrees, 
c, The upper limit, trim increasing, 


d, Tne upper limit, trim decreasing (the secondary upper 


Limit), 


The free=to-trim angles may be found not +0 correspond to the 
angles of least resistance and good spray characteristics, or may come 
too close to the stability limits, Since the aerodynamic configuration 
is determined and controlled by flight conditions, it is not practical 
to change it to correct tne free~to-trim track, This is done by 
shifting the position of the step with respect to the center of gravity, 
either bodily or by modifying the shape of it. Thus, introduction of 


the Yee step may move the centroid of the step forward, while leaving 


the structure at the keel unchanged, Moving the step forward will raise, 
and moving it aft will lower the free-to-trim track, In this way, it 
ean be readily adjusted to the desired position within the stable region 
between stability limits, The designer has very little control over the 
lower stability limit, which is determined primarily by the relation of 
the load and speed, and therefore is well represented by the plot of © 
VSo \e,/C,3 as.explained above, Any decrease of the load for a given 
speed will lower the lower limit, any increase of the load will raise 
it, Since the load on water is equal to the weight, less the lift of 
wings, the same float may exhibit porpoising within usable range of trim 
angles when installed on a heavy airplane with small wing area, and may 
be free of porpoising when used on a lighter airplane of lighter wing 
loading, in which case the lower limit may be lowered below the trim 
angles likely to be actually used in practice, The expression (o/c, 
is a measure of the wetted length for any particular angle of trim, 
Anything decreasing the lift coefficient C will raise the lower trim 
track, usually raising the free-to+trim track at the same time, Thus, 
for example, the increase of the deadrise will raise simultaneously the 


lower limit, and the free-to-trim track, 


The above remarks refer specifically to the part of the lower 
limit curve in which the hull planes on the forebody alone, Both the 
theory and experiments indicate that in this region the afterbody has 
no effect on the motion, In the region of the hump the lower limit 
curve is due to two-step planing, In this region the speed is low, 
there is practically no way to increase the hydrodynamic forces over 
the amount needed to support the seaplane, and therefore the propoising 
of significant amount does not develop, The critical point is the one 
of somewhat higher speed, when the second step leaves water, and the 


planing on the forebody alone begins, 


The upper~limit porpoising occurs due to interaction of the 
forebody and afterbody at a higher speed, where the planing is possible 
either on two steps, or on the forebody alone, Figuratively speaking, 
it is the objection of the hull to being forced to plane on two steps, 
when the planing on the forebody alone is possible, The upper limit 


depends, therefore, on the design of the afterbody, Any measure, such 


as the reduction of the sternpost angle, or the increase of the after- 
body length, which tends to bring the afterbody into contact with the 
wave in the wake of the forebody at the lower angle of trim, also 
lowers the upper limit, and thereby reduces the stable range between 
the upper and lower stability limits, Conversely, the increase of the 
sternpost angle, and shortening of the afterbody increase the angle at 
which the second step touches water, and also raise the upper limit. 
This discussion is valid for the hulls of the normal design, and cannot 
be applied directly to the planing-tail hulls, on which no sufficient 


test data is available, 


The bulk of the published test data refers to specific designs, 
and in the absence of the unifying theory the basic test data are not 
sufficient to form quantitative relations, The above discussion is 
given to help the designer to foresee the probable effect of changes in 
the loading, speed and geometry when laying out a new design starting 
from a known prototype. Care should be exercised to use the significant 
design parameters, rather than accidental drawing reference data, Thus 
the increase of the warp, i.e. of the rate of increase of the deadrise 
from the step to the bow, is approximately equivalent to the upward ro- 
tation of the original bottom with respect to the design reference line, 
The test data based on this reference line evidently will show the 
lowering of the lower limit, and simltaneous lowering of the free-to- 
trim track, On the other hand it will represent the effective increase 
of the sternpost angle, and therefore can be expected to raise the 
upper limit, at the same time raising the trim angle and the resistance 
at the hump speed, The warp of the afterbody, i.e, the increase of the 
afterbody deadrise with the distance aft of the step will primarily have 
the same effect as the increase of the sternpost angle, with only secon= 


dary effect due to the deadrise itself, 


The high-limit porpoising is also affected by the depth and 
ventilation of the step, Deep step raises the upper limit, shallow step 
lowers it, The step ventilation added to the shallow step acts as the 
increase of the step depth, and raised the upper limit, i.e. widens the 
stable range between the upper and lower limits, To be effective the 


ventilating ducts mist deliver the air near the keel at step, and mst 


: 2 ap a : 
have the sectional area of about .02(beam)”, This is the measure used 
’ sometimes to improve the hull when major redesign of the structure is 


not practical. 


4.4 Landing and Skipping 


The term "skipping" is applied to describe the phenomenon of 
the seaplane leaving water upon landing, or bouncing even after a good 
landing. From one to several skips may occur in landing, The skipping 
may be manifested also in take-off as a jump take off, rather than 
smootn transition from the water borne planing to the air borne flight. 
To quote from Reference (30): “Skipping is associated with conditions 
whereby the forebody carries most of the water borne load and at the 


same time a large amount of water is washing over the afterbody bottom", 


Prior to the contact with water, there exists the established 
air flow over the forebody, step and afterbody, At the instant of the 
contact this flow of air is interrupted at the step, while the inertia 
of the air moving along the afterbody, and the entrainment of this air 
by the water moving in close proximity to the afterbody generate the 
suction, The suction force distributed over the large area of the after- 
body produces the downward force and the stalling moment, The downward 
force causes greater submergence, and brings into action greater wetted 
area than is required to support the small part of the seaplane weight 
which is not supported by wings. Subsequently, the water surface in 
the rapidly developing wake is deflected downwards, greater clearance 
is created under the afterbody, and the suction is broken, The exces- 
Sive lift of the forebody, caused by the excessive submergence, as well 
as by the increase of the trim, accelerates the seaplane upwards, 
throwing it out of water, These events occur in such a rapid sequence 
that the period of time from the first contact with water to the emerg-— 
ence from it is a fraction of a second for a dynamic model, and is 
. found to be about one second in a certain 8000 pound flying boat 
(Reference 31), 


The primary remedy against skipping is the adequate ventilation 
of the step, which is achieved best by making it deep enough, For a 


given hull loading, and a given ‘sternpost angle, the step height needed 


for, and sufficient to prevent skipping must be such that the ratio 
(step height in % of beam)/(sternpost angle in degrees) plotted against 
the load coefficient CA, will fall between two oblique lines of Figure 
4.5. The hull exhibiting unsatisfactory skipping characteristics due 
to the insufficient depth of step may be corrected by addition of the 
ventilating ducts extending from the keel to not over half beam in 
breadth, and having the sectional area of about ,02(beam)*, The supply 
of air is needed instantaneously at the time of the contact with water, 
and therefore it is not necessary to extend ducts through the deck, 
but is sufficient to have them open to the interior of the hull, It is 
important however to guard against any constriction, or other impediment 


to the air flow, which is large for an instant of time, 


The skipping is tested for in towing tanks by using dynamic 
models, and simulating the landing by means of gradual deceleration of 
the towing carriage, In simpler tests the.number of skips is noted, 
in more complete research, the entire time history of the pitching and 
heaving motions is recorded by suitable instruments, The landings are 
made at a number of trims, the number of skips usually increasing with 


increase of the trim angle, 


5, Directional Stability and Control 


The directional characteristics of Seaplanes are considered under 
two headings: . 
a, Directional control in taxiing. 


b, Directional stability during take off. 


At the low speed of taxiing the hull is acting as a displacement 
vessel, with rather deep draft in forebody sections, and a small draft and 
Side area of the submerged portion at the stern, In case of a small yaw, 
say due to side wind, the resultant reaction of water acts forward of 
the center of gravity, increasing the initial yaw, i.e. making the hull 
unstable in yaw, Due to the presence of the vertical tail surface the 
side wind force acts aft of the center of gravity. Thus the couple 
formed by the side wind force and the water reaction tends to turn the 


seaplane into the wind, i.e. makes it "weathercock", At the low speed 


and the small engine power used for taxiing tne air velocity over the 
rudder is small, and the rudder often does not have sufficient power to 
overcome this weathercocking couple. In order to gain the necessary 
control under these conditions, the single engine seaplanes are usually 
equipped with water rudders placed at the stern of the float, or aft of 
the second step of tie flying boat, The area of tne rudder should be 
egual approximately to 4% of the side area of tne submerged part of the 
hull or float, and the rudder should extend as far as possible into the 
undisturbed water, 1.€., appreciable area of it should be placed below 
the afterbody keel. The rudders of small heient located at water sur- 
face, and rudders located wholly in the wake of the stern are not ef= 
ficient, The milti-engine flying boats usually depend on the unbalanced 
‘engine thrust, and are not equipped with rudders, The engine thrust 
may be controlled by manipulation of throttles, but greatly superior 


control is obtained by the use of reversible pitch propellers, 


The stavility of the lull durin, take-off run is easily tested 
in tne towing tank py placiug the model at the angle of yaw ¥, and 
measuring the yawing moment acbing on 1t by means of the calibrated 


soring, ‘The moment coefYicient Ohly is defined as by A, where My is 


the yeawlug moment in pound-foot units at the angle of yaw ¥, w ~- weight 
ol water per cubic foot and b - the beam in feet, The moment coefficient 
is plotted against the yaw angle, as shown on Figs. 5.2, 5.3 and 5.4. 
Fig. 5.2 shows the conditions of a certain flying boat at C.. = 1,04, 
at which the hull is in displacement condition, as shown by the small 
values of trim ‘C and the negative value of the heave coefficient hf, 
As was described above, the hull is distinctly unstable in this condi- 
tion, and this is shown by the positive slope of the moment coefficient 
curve, Fig. 5.3 refers to the higher speed at Ce = 2,17. This is 
still far from the planing condition, but the dynamic forces are suf- 
ficient to cause certain increase of the heave coefficient h/b and the 
angle of trim (eae The fin area forward of the center of gravity is 
thereby reduced, and that at the stern is increased, The negative 
slope of the curve in the range ¥ = *2° indicates the positive 
stability, and outside of this limited range the stability is essen= 


tially neutral, Fig. 5-4” ata slightly higher speed with C= 2.33 


illustrates the condition termed "hooking instability", There are two 
stable branches of the curve at the yaw larger than 3 degrees, with a 
highly unstable range between, It appears that this small increase of 
the speed changed the conditions of the wake at the second step, re- 
ducing the effective fin area at stern, and making the second step to 
plane in a middle of a wave hollow in the unstable condition. A 

small yaw brings the stern into contact with sides of the hollow, op- 
posing further increase of the yaw, i.e, producing a stable branch of 
the curve on the plot. Three plots of test data discussed above illus- 
trate the complex conditions governing the directional stability of 
the flying boat in the pre-hump region: they start at low speed with 
the natural instability of a displacement vessel, are modified by 
changes of trim as the speed increases, and then become dependent on 
the shape of the wake, which is rapidly changing with the speed and in 
the process of transition from the displacement to the planing condition, 
The conditions producing instability are further aggravated by details 
or the water flow at the stern of the boat, particularly by the suction 
generated at any convex curved surface, At a pre-hump speed large areas 
on the sides of the boat at stern are wetted, The curvature of these 
sides in the plan view of a pointed second step produces suction forces 
which often cause large unstable yawing moments to appear, Likewise, 
the water flow clinging to the rounded tail cone aft of the second step 


is the frequent cause of instability. 


The seaplane float has a simpler shape than a typical flying-boat 
hull, has much smaller area of sides near stern, and has no structure . 
to interfere with water aft of the second step, The difficulties with 


the directional stability in float seaplanes therefore occur but seldom, 


In a flying boat the difficulties due to directional instability 
are confined to the "displacement" or the "pre-hump" region, At the 
planing speed the wetted area forward of C,.G. is small, the aerodynamic 
stability is significant, and with the increase of speed, and the slip 


stream of the propeller, the rudder acquires ample power for the control, 


The above discussion points to the nature of the problem of the 


directional stability, and to the towing tank tests by means of which the 


stability can be measured, and quantitatively described, No criterion 
exists, however, to indicate whether the degree of the instability of 
the particular model is acceptable for the practical use or not, The 
behavior of the actual flying boat, the model of which gave the plots 
illustrated by Figs. 5.2, 5.3 and 5.4 is described by the following 
quotation from Reference (32): %. . . . at speeds below the hump con- 
stant attention mist be given to keep the flying boat headed very close 
to the course, and unbalanced power mist be applied rapidly to check 
any deviation from the course, If corrective moment is not applied 
rapidly to check the first sign of yawing, the boat may become unmanage— 
able, Cross-wind taxiing may be very nearly impossible, even with maxi- 


mum unbalanced power," 


Oe Spray _ 

Reference to Figure 3-9 shows that at a certain speed between 
the start of the take-off run aid the hump speed, such as about 10 
ft,/sec, in this case, there is hardly any change in the draft, and 
only a small change in trim, yet the resistance is already about 2/3 of 
the maximum, The water surface meets the hull bottom not far aft of the 
bow at large angles of incidence, producing high local pressures, 
These pressures cause some of the water to flow in a thin sheet along 
the bottom of the hull in the outward and aft directions, This sheet 
of water breaks away at the chine, forming the spray blister , Ina 
small model this blister has the form of a dome of thin water sheet, 
on a full-size null the sheet breaks into a mass of water drops without 
changing the general form of the blister, Fig. 6.1 shows the contour 
map of a typical spray blister, In a flying boat the spray interferes 
with propellers, and impinges on wing flaps, often causing structural 
damage, The spray therefore is one of the important factors determing 
tne seaworthiness of the boat, and the experimental quantitative measure- 
ment of it represents an important phase of the towing tank testing, 
For this prupose the grid of the vertical and horizontal lines is painted 
on the side of the hull, and the side view of the spray is photographed 
“against this grid, Simultaneously the photographs of the plan and 


front views are also taken, When the spray blister contours for several 


speeds of the seaplane are superimposed, the conical surface can be 
drawn tangent to all blisters, i.e. enveloping all individual blister 
plots. The points of tangency of the blister to this envelone for each 
speed is defined by dimensions X, Y and Z, as shown on Fig. 6.1 ., For 
the beam of the hull b, the coefficients are defined (Ref, 33 and 3h): 


Longitudinal Spray Coefficient C. = X/o 

Lateral Spray Coefficient a = Y/b 

Vertical Spray Coefficient C. = Z/o 

Since the spray can be considered as a form of the wave, these 
coefficients can be presumed to be functions of the Froude Number, and 
can be plotted against Woes (submerged Gotu): or using N.A,C.A, 
coefficients ee Furthermore the use of coefficients X/b, Y/b 
and Z/o would be sufficient for the hulls differing in size but of geo- 
metrically similar form, To make coefficients applicable to hulls of 
the different length/beam ratio, they are divided by functions of CM? 
finally expressing the relationships to be plotted as: 


fl? = ey oF) oo) 


C6 2 ae ME P78 27) 


a 


c/o. ®, (6, /c a) 

The plot of the first of these relationships, defining CLs is 
shown on Fig. 6.2. It is observed that spray characteristics for a 
wide range of loadings for a flying-boat hull are well represented by 
a single curve, Equally good agreement is shown in Reference (3) 
for second and third relationships, defining Oy and Co. Three curves 
describing the height and position of the spray blister are therefore 
included in the summary sheet of hull characteristics, as shown by the 


upper section of Fig. 3.12. 


At speeds above the hump, the bow sections of the hull are clear 
of water, and the spray coming off the main planing bottom is located 
further aft, and is of low height, so that it does not strike any part 


of the seaplane, and therefore is of no interest to the designer, 


The spray described above is usually referred to as the "main 
spray". In addition to this the bow spray has to be considered. At 
very low speed, say about 5 ft/sec, on Figure 3.9, both the heave and 
the pitch are below these of the static flotation. The hull settled in 
water, and trimmed by the bow. This causes water at the bow either to 
break into spray, or to envelope the bow in a thin sheet of water 
clinging to the surface, eventually breaking into spray at the upper 
part of the hull bow. These conditions are very much aggravated during 
operation in waves, when the bow plunges into the oncoming wave. The 
bow spray is important in that it wets the windshield, thereby 
temporarily obscuring pilot's vision, and also leaves the deposit of 
salt, thus impairing the visibility for the entire duration of flight. 
In single engine, twin float seaplanes the bow spray of floats is 
primarily responsible for the wear of the propeller. 


The bow spray in calm water and in waves is studied in towing 


tanks, and results are reported qualitatively by a series of 
photographs. Extensive study of the bow spray, as it is affected by the 


bow shape, is given in Reference (35). Quoting from this reference: “ 


the height and the volume of spray at the windshield can be reduced 
by (1) increasing the hull length and especially the forebody length, 
(2) increasing the “sharpness" of the bow lines below the chine, (3) 


increasing the static trim when the bow form is such that relatively 


bad spray otherwise occurs, and (4) decreasing the waterborne load. 
These changes are listed approximately in the order of their importance 
from the point of view of reducing spray". As a corollary to the item 
(3) above, the piloting technique for reducing the bow spray calls for 
the use of the full-up elevator at the start as the throttle is opened 
until the bow comes up, or for the entire duration of the low-speed 
taxiing. Moreover the taxiing at the speed of the bad spray should be 


reduced to the minimum; it is usually possible to taxi at either lower 


or higher speed. 


6.2 Spray Apex Theory and Studies 


A typical spray formation associated with planing hulls is shown 


on Fig. 6.3. Two distinct spray patterns are evident in this 
photograph. One is the so-called “whisker” spray and the other is 


called the main spray. Characteristically, the whisker spray is a thin, 


light, spray consisting of droplets of water that are projected 
outboard of the chine at a trajectory angle essentially equal to the 


local hull deadrise angle. The main spray is a discharge of water in 


the form of a cone whose apex is in the vicinity of the stagnation line 
intersection with the chine and whose outboard trajectory is elevated 


significantly relative to that of the whisker spray. While distinctly 


different in appearance, both spray patterns are a consequence of the 
same hydrodynamic phenomenon. 

Savitsky and Breslin (1958, Reference 68) conducted a series of 
tests of four constant deadrise hulls towed behind a wind screen to 


defin the geometry of the main spray (prior to its breakup into 


intense droplets) as a function of hull deadrise angle, trim angle, and 


speed coefficient. The important findings are that the spray 


originates from a short length along the chine intersection with the 
stagnation line, and wetted length does not affect the = spray 


dimensions, if measurements are taken from the spray origin. Their 


model test measurements are partially summarized in Figures 6.5 and 


6.6. Savitsky and Morabito (2010, Reference 112) continued the study 


of main spray and extended th qualitative discussion developed by 


Breslin in the earlier paper to a quantitative means of predicting 
spray apex location. 


In order to describe the origin of the two basic spray forms 


associated with high speed planing hulls it is first necessary to 


describe the fr water surface intersections with the hull as shown on 
the sketches in Fig. 6.4. 
At pre-planing speeds the spray patterns do not develop but 


rather a small bow wave originates at the chine intersection with the 


water surface. As the speed increases, droplets of whisker spray and a 
small main spray blister appear slightly outboard of the crest of the 


bow wave. At high planing speeds the whisker and main spray formations 


become higher and larger so that they dominate and completely obscure 
the bow wave. For all speeds, the height of bow wave crest is 


relatively small. These characteristics are demonstrated by a series of 


photographs taken by Savitsky and Breslin (1958, Reference 68). 


While many of the notations in Fig. 6.2 are self explanatory, it 


is important to define the stagnation line and the spray root line. 


Specifically, the stagnation line is a locus of points on the bottom 


along which the flow is divided into forward and aft components and on 


which the pressure is a maximum and is developed from bringing to rest 


the component of fr stream velocity normal to this line. Just 


forward of the stagnation line is the so-called spray root line. This 
defines the forward extent of the wetted bottom area when planing. 
According to theoretical (Wagner, 1932, Reference 39) and experimental 
(typically Savitsky and Neidinger, 1954, Reference 69) results, the 


actual wetted width at any cross section through the bottom is 


essentially a/2 times the wetted width defined by the level water lin 


intersection with the bottom. This is referred to as the “wave-rise’ 


factor. The angle of the spray root line, Q, relative to the keel 
measured in a plane normal to the hull centerline and along the keel 
can be established from a knowledge of the deadrise, trim and 7/2 wave 


rise factor. Thus, it can be shown that: 


1 7 tan Tt 
2 tan B 


a=Tan 


Because the stagnation line and the spray root line are very 


close to each other, the a/2 wave rise factor is often applied to both 
lines. Also shown on Figure 6.4 is the forward extent of the whisker 
spray area. Savitsky, Delorme, and Datla, (2007, Reference 70) 


presented a method for estimating the viscous resistance of the fluid 


that traverses this hull bottom area before being projected from the 
chines to become the visible whisker spray. 

It has been observed that tufts positioned along the stagnation 
line of a planing hull orient themselves along the stagnation line, 


thus indicating a velocity component that is directed along this line 


from keel to chine. Bottom pressure measurements by Smiley (1951) 


indicate a constant pressure distribution along the stagnation line, 


except in the region nearest to the chine. Thus, according to the 
Bernoulli equation, and excluding viscous effects, the velocity along 
this line is essentially constant. 


This is an important observation that confirms assumptions by 


other researchers (i.e. Pierson & Leshnover, 1950, Reference 71) that 


the resultant three-dimensional flow pattern in the chines-dry region 


of planing hulls can be decomposed into two components; one along the 
line and the other normal to the stagnation line. This is analogous to 


the aerodynamic treatment of flows over swept-back wings, where the 


free stream velocity, V, is resolved into components normal to, Vn, and 


along the span, Vs, of the wing leading edge as shown in Fig. 6.7. For 


the case of a planing surface the fr stream velocity can be resolved 
into components normal to (Vn), and along the stagnation line (Vs) as 
shown in Fig. 6.8. This representation forms the foundation for 


describing the common origin of both the whisker spray and the main 


spray. Using the equation for the angle a: 


Vn =V sina 
Vs =V cosa 
643 The Spray Patterns in Two-Dimensional Planes 


Since Vs is essentially constant along the stagnation line, it 
follows that the flow in planes normal to the stagnation line (Vn) may 


be treated as two-dimensional flows. Fig. 6.9 is sketch of the chines 


dry region of a planing hull. Considering planes normal to the 
stagnation line (sections k-c), it can be assumed that the fluid flow 


in these sections is equivalent to the flow about an equivalent flat 


plate planing at an effective trim angle T and a velocity Wn. If the 


plane k-c is taken fixed in space and the planing surface is made to 


pass through this plane at constant V, an examination of the changing 


flow patterns in plane k-c will lead to a possible physical explanation 
for the origin of both the whisker and main sprays. 
Consider consecutive positions k,c;, k2c2, and k3c3; of these planes 


normal to the stagnation line. For the positions k,;c; and k2cz, the 


effective two dimensional flow is that of a planing semi-infinite flat 


plate as analyzed by Wagner (1932, Reference 39). As shown on the 


sketch of Fig. 6.8, the velocity component Vn approaches the plate at 


an effective angle of attack 1t relative to the level water surface. 


This velocity component stagnates at the stagnation line. Just forward 
of this point a thin sheet of fluid, referred to as the spray sheet, is 
formed and flows along the bottom in a forward direction at a velocity 
equal to the approach velocity Vn. 

The initial trajectory angle of the spray depends upon the 


initial extent of the upper end of the plate above the water surface. 


The sketches on Fig. 6.9 show that this distance decreases as the two 


dimensional planes approach the chines. Green (1936, Reference 72) 


considered plates of both finite and infinite length planing on fluids 
of infinite and finite depth. The sketches on Fig. 6.10 illustrate the 


flow patterns for an infinite length plate as treated by Wagner and for 


the case where the leading edge of the plate is in the proximity of the 
free water surface as treated by Green. It is seen that the spray 


trajectory angle becomes considerably larger than the trim angle when 


the leading wedge of the plate approaches the free surface. When the 


leading edge is submerged, the trajectory angle increases further and 


the flow pattern appears as for a fully ventilated flat planing 
surface. 

Figure 6.11 shows that as the normal velocity vector rotates ina 
circular pattern around the velocity vector along the stagnation line, 


the resultant velocities form a cone originating at the intersection 


between the stagnation line with the chine. This is the origin of the 


main spray. Model tests have shown the main spray can be eliminated by 


placing a small spray dam at this location. 


Figure 6.13 shows the velocity components in the whisker spray 


region. In this region, far from the chine, the normal velocity vector 
remains in the plane of the hull. The resultant velocity is a 
reflection of the fr stream velocity about the stagnation line. This 


so-called ‘whisker spray reflection’ has been observed in many 


experiments. 


6.4 Spray Patterns of Three-Dimensional Planing Hulls 


The total initial vertical velocity of the main spray as it 
departs from the chine is comprised of the following three components 
(See Figure 6.14). 

1) The Vn component as measured in a horizontal plane. Recall, 


from Green, that at the chine, it is rotated to a vertical 


position. (90 deg. relative to the level water surface) Thus: 
: é _{ 7 tant 
Vn =V sina =V sin| Tan™'| — 
2 tan B 
2°, ALA ffectiv angl of deadrise, (Be) , measured in a plane 


normal to the bottom and along the stagnation line. The velocity 


component along the stagnation line (Vs) has a vertical component 


that must be added to the Vn component. It can be shown that: 


Be = tan ‘(sin @ tan £) 
V sin Be 


Vertical Velocity Due to Deadrise = 


3) The effect of trim angle is to reduce the trajectory angle as 


[t= tan! [aot tan r 
Ss 


follows: 


where 
Dis bese 
a tant 
ls = g 
2sina 
thus 


a). 2e 2 
ft = tan '| —sin a tan B 
1 


The resultant vertical velocity component of the main spray as it 
departs the chine is thus: 
V, =Vsiny 


where 


y=art Bpe— pr 


, Al 2 
y =a+tan ‘(sina tan #) — tan |Z sinctan | 
1 


Simplifying 
“f 2: \,.4 
y=a+tan ||1—-— |sinatanZ 
a 
The initial velocity of the main spray trajectory as it departs from 
the chine is th free-stream velocity V (this follows from an 
application of the Bernoulli equation). Its direction relative to the 


chine in a horizontal plane follows the stagnation line which makes an 


angle, a, relative to the chine line. This was confirmed by model tests 


(Savitsky and Morabito, 2010, Reference 112). For usual combinations 


of trim and deadrise, the term Vv = V sin a dominates the Be and ft 


contributions, so y~a@. 


The maximum height of the main spray (Z) is calculated in 


accordance with the basic trajectory equations. Thus: 
PaR as _ Vv? sin* y 
2g 2g 
To normalize this expression, substitute the following definitions: 
Z=Z/b 
Cp 
gb 
so that; 
Zee ots 
rea oa y 


This equation is plotted on Fig 30-13. Thus, for a given beam, speed, 
trim angle and deadrise, the maximum height of the main spray is easily 
obtained from this Figure. 

Longitudinal and Transverse Location of Maximum Height of Main 
Spray. These locations can also be computed by the use of the basic 
trajectory equations. Specifically, the time, t,, to reach this maximum 


height is: 
2Z 
& 


The distance, Ltr, from the intersection of the stagnation line with 


— 


m 


the chine to the point of maximum spray height, as measured in the 


horizontal plane, is shown on Fig. 6.16 and is equal to: 


Ltr =t,V cosy 


Substituting and simplifying 
2 
Ltr =—siny cosy 


normalizing; 


Ltr 
°b 


= sin y cos 
Cy Y Y 


It follows then, that since the spray trajectory makes an angle, a, 


relative to the chine, the longitudinal distance, X’, measured in a 


horizontal plane, from the stagnation line intersection with the chine 
to a point opposite the maximum height of the spray is: 
X =Ltrcosa 


normalizing; 


a= sin Y COSY COS@ 


Where X’ =X/b 


Likewise the transverse distance, Y, between the point of maximum spray 
height and the side of the hull is: 

Y =Ltrsina 
So that; 


a sin vy cosy sina 


Where Y’ = Y/b 


The quantities X’/ Cv’ and Y’/ Cv’ are plotted on Fig 30-15 as a 
function of deadrise angle with trim angle as a parameter. It is 
important to remember that X’, and Y’ are dimensions relative to the 
location of the maximum height, Zmax, that is located on the centerline 
of the main spray geometry. Since this analysis is based upon the 


application of kinematic considerations, the actual profile of the 


spray height along the centerline of the main spray can be calculated 


using standard trajectory equations 


6.5 Correlation between Spray Trajectory Method and Experiments 


It is found that the above method closely matches the apex 
location of the highest droplets in the main spray blister, which could 


rode propellers. However, it greatly over-predicts the solid spray 
often measured in model tests. For instance, Savitsky and Breslin 


(1958, Reference 68) measured only to the top of the intact spray 


blister, resulting in much lower spray measurements. It is recommended 


that both methods be consulted when making predictions of spray apex 


location. 


Figure 6.12 demonstrates the relation between spray root angle 


and length over which the main spray blister forms. The figure shows 


that as the spray angle approaches 90-degrees, 


the two-dimensional 


planes do not cross the chine, and a main spray is not formed. At 


small spray root angles (high deadrise, low trim) the main spray forms 


over a much longer length along the chine. Thus, when the spray angle 


is such that it would produce the maximum spray height, it produces the 


minimum spray volume and vice versa. Figure 6.18, from Morabito (2010, 


Reference 78), shows a comparison between spray patterns from a 10- 


degree and a 30-degr deadris 


the streamlines is constant. 


hull, where the initial spacing between 


The figure shows that although the spray 


is much larger for the lower deadrise hull, the spray is sparse in the 


main spray blister. Figure 6. 


photographs of the same condit 


19 shows the corresponding model test 


ions. 


vie Impact 

7.1 Introduction, Statement of the Problem 
When a seaplane makes a perfect landing on smooth water, the series of 
events are similar to the ones occurring during take-off, but taken in 
the reverse order: after flare-out of the glide, the velocity becomes 
practically tangential to the water surface, which is penetrated without 
any shock. With engines throttled, the seaplane decelerates 
under action of the air and water drag, and, as the speed is decreased, 


the hull wetted area and the angle of trim increase, with constant in= 
crease of the drag, The hump speed, i.e, the speed of the maximum re- 
sistance is reached, after which the planing ceases, and the seaplane 
settles to the displacement phase, and finally to static flotation, 
Often, however, the flare-out of the glide is far from being perfect, 
and the flight path at the instant of the contact with the water surface 
is inclined at the angle dg, as this is shown on Fig. 7.1 , It is 
convenient to trace the subsequent motion of the seaplane by reference 
to the keel at step ~ point 0 on Fig. 7.1 , This motion is shown on 
Fig. 7.2 (a), The downward component of the velocity is gradually de- 
creased by the reaction of water, then is reversed in sign accelerating 
the seaplane upward till it leaves the water at a certain point P, The 
water reaction is shown on Fig. 7.2 (b), At the point of entry O the 
velocity is high, but the wetted area is nil, Subsequently a point is 
reached where the remaining velocity and the wetted area of the bottom 
are such that maximum reaction is produced, and finally the reaction be=- 
comes zero again at the point of exit P, The maximum reaction usually 
occurs somewhat before the maximum draft is reached, and before the 
chine becomes wetted, Indeed, in the case of the flying boats the entire 
cycle of the impact~rebound often occurs without wetting of chines, so 
that in theoretical study it is possible to assume a Vee shape of in- 
finite width, Furthermore the duration of time from the entry to exit 
is so short that angle of trim does not change appreciably, and in 
theoretical studies the constant angle of trim Ce is assumed, Thus 

the conditions preceding the impact can be described by three parameters ? 
velocity Vo? the glide path angle 09 , and the angle of trim ie. é 
Here the subscript zero indicates conditions at the first combtact with 
water, both V and x varying subsequently under the action of water 


forces, while (remains sensibly constant, 


Since the force of the impact determines the strength which 


the hull mst possess, the theoretical and experimental study of it re=- 


ceived a good deal of atbention, beginning with the work of 


G, H, Bottomley, Reference (36), This study has three basic objectives: 


a, The determination of the total force of the water 
reaction, and of its variation with the time and 


submergence , 


b, The intensity of the water pressure on the bottom 


plating and its distribution, 


c, The effect of elasticity in the structure connecting the 


planing bottom with the masses of the seaplane, 


Theoretical and experimental studies of the impact establish 
the form of relationship between the impact force, three approach para= 
meters mentioned above, the mass of the seaplane and such parameters of 
its shape as the deadrise B or the curvature of the bottom, The actual 
magnitude of impact forces, however, is determined by magnitudes of the 
parameters occurring in practice, The frequency of the cccurrence of 
different magnitudes of parameters is determined statistically from the 
analysis of the operational practice, Furthermore it is always possible 
to imagine conditions severe enough to break any seaplane hull, The 
most unfavorable combination of the parameters, indicating the maximum 
strength to be provided in the hull, is limited, therefore by the weight 
which can be tolerated in the aircraft, The final outcome of all these 
considerations takes the form of regulations established by the Bureau 
of Aeronautics for the seaplanes procured by the U. 8, Navy, or by the 
Givil Aeronautics Board for the seaplanes to be licensed for civilian 
uses, The object of this chapter, therefore, is to give the reader the 
understanding cf the phenemena of the impact, and to improve thereby his 


abe 


epility to interpret and tc supplement the regulations, rather than to 


sive amy direct design data or instructions. 


7.2 Theory and Tests Pertaining to the Impact in Smooth Water 


Theory of the impact of the wedge dropped onto water vertically 
was originated by Th, von Karman = Ref, (37) = who established the con= 
cept that momentum of the wedge plus the momentum of the added mass of 


sentrained water mist be equal at all times to the initial momentum 


of the wedge, i.e.: 


AW = W + nV (25) 
where 8 M - mass of the wedge, 
m - added mass of the entrained water. 
Ls ~- velocity of the wedge at the instant of the contact, 
YY - vertical velocity of the wedge at any instant during 
immersion, 


The movement of a body in the fluid causes various fluid particles to 
move in many paths with various velocities and various momenta, It is 
possible to imagine a certain mass of the fluid as moving with the same 
velocity as the body, and possessing the momentum equal to the sum of 
momenta of all fluid particles involved, Such a hypothetical mass of 
the fluid is known as the "additional mass", In case of the fluid 
flowing around a flat strip of a certain width 20 and of infinite length, 
the additional mass is shown by the hydrodynamic theory to be equal to 
the mass of the cylinder of the diameter 2C, i.e, m= pI e where 
is the mass density of the fluid, in this case of water, The case of 
the wedge penetrating the water surface ~ as onFig. 7.3 (a) - was com 
pared by Th, von Karman to the flat plate having water on one side of 


as 
it, ie v associated with additional mass of water equal to one half of 


tne cylinder, or pure pe: In the process of immersion of the wedge the 
half breadth © is continuously increasing, and the additional mass m is 
also continuously increasing, so that both V and m in Equation 25 are 


considered as variables, 


Using the conceot of virtual mass described above, equations 
of motion will be developed defining the impact process for the case of 
a vertical drop of an infinitely long prismatic section at zero trim: 
angle, For this condition of vertical drop the fluid flow over the 
bottom is of a two-dimensional nature and the flow can be considered as 


being in planes normal to the keel. 
Two-Dimensional Case 


The action of a unit slice of the wedge and a unit slice of 
the fluid is considered herein, The momentum of the fluid is equal to 


the product of the "additional mass" m and the instantaneous velocity 


‘ ers 8 2 a < 
of the float 2, The impact force is 


ef the momentum, The displacements, 
considered positive downward, and the 


are assumed negligible, Also, it is 


equal to the time rate of change 
velocities, and accelerations are 
effects of buoyancy and viscosity 


assumed that the wedge has a lg 


lift force acting on it which corresponds to the wing lift of an actual 


seaplane hull, 


(26) 
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Now integrating $ 

log 2 + log (1+R) = loge 
To solve for the constant of integration, substitute the conditions 
just prior to impacts 


t= 03 2 = 07 R = 03 Zs Za = initial contact velocity, 


fi 


Thus? log a log c 


° 


and Z32—2— = Vertical Velocity 4 
(1 + D (vod 


Solving the vertical velocity equation for acceleration gives, 


ap ae 2 

ue 1 (27) 
m 
2(1 + D 


By differentiating the acceleration equation with respect to 2 
and setting the quantity equal to zero, it can be shown that the maxi-~ 
mum acceleration for the two-dimensional case occurs when the ratio 


moi 
eres 
of 
Although the two-dimensional analysis et practical value 


for design it serves to illustrate the fundamentals of the impact theory 
and is extremely useful in the development of the three~dimensional 


case of the more practical case of the oblique impact, 


7.3 Three-Dimensional Case of Oblique Impact 


In an actual seaplane landing, the hull usually penetrates 
the water surface with a definite trim angle and with a resultant ve~ 
locity which is not normal to the keel of the hull, Also, the forebody 
of the hull has a definite length terminating at the step that results 
in certain end flow losses at the step which must be considered, The 
three=-dimensional analysis will be made for an ideal prismatic float 


with no afterbody, The float is assumed to maintain a constant trim 


angis and horizontal velocity throughout the impact period, In Figure 
3h an ideal float is shown immersed in the water after having travelled 
alohg a path of motion indicated by the dotted line, Mayo (Ref, li7 & 
1.8) and Benscoter (Ref, 50) applied the two—dimensional theory to the 
solution of the case of the oblique impact of a Vee shaped surface, The 
fluid beneath the fleat is imagined as subdivided into slices of length 
ds by planes drawn normal to the keel of the float, As the flcat moves 
through these slices, the flow in each slice is assumed to be two= 
dimensional and identical with the flow in the case of the wedge dropped 
vertically into water as treated in the two-dimensional case, It is 
necessary to assume that the fluid in each slice is independent of the 
motions in adjacent slices and that the reaction on the float is due to 
combined action of all the slices which have a total width equal to the 


wetted keel length, 


Before presenting the analytical solution for the three-dimensional 
case, two additional factors must be considered -- one concerns the 
definition of the virtual mass and the other the effect of end losses 
at the step, von Karman initially defined the added mass m on the basis 
of the half breadth ¢ of the intersection of the wedge with the undis- 
turbed water level, Herbert Wagner (Ref, 38, 39, hO and 60) took into 
account the rise of the water surface near the surface of the wedge ard 
defined the diameter of the semi-cylinder of virtual mass on the basis 
of deadrise and depth of immersion, Thus, referring to Fig, 33b, the 

£ 


effective diameterfc is defined by Wagner as follows: 


= 1)z 8 in radians, 


A correction factor for approximating the three-dimensiconal con= 


2 


O 


ation on the basis of a two-dimensional calculation has been developed 
by Pabst (Ref, hi), who showed that the correction was a function of the 


length/beam ratio of the wetted areas 


As in the two-dimensional case the analysis proceeds with the 
equation for change of momentum, The fluid in each slice exerts an 


elemental force f on the bottom: 


ew 


c= [ete)] 2 eta) all bate + zat | 


Integrating over the entire float length to obtain the total force F on 
the bottoms 
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which expresses the general relationship that exists among the variables 


at any time during the impact process, 


For convenience in application of the results, the above 
equation is transformed to a coordinate system relative to the water 


surface using the following relations (with reference to Fig. 7.4) 
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of the above equations for acceleration, velocity and draft 


carried out analytically but a numerical solution is given 


t coefficient = C, = yk 


presented in Heference 52 are in coefficient 


y = instantaneous value of draft at step 

vy = vertical component of the velocity at first contact 
with water 

y = vertical component of the velocity at the instant 
under consideration, i.e. at the draft y and time t 

t = time in seconds from the first contact with water to 
the instant under consideration 

n= load factor; i.e., ¥/e 


W = weight of seaplane, 


The above coefficients are shown in Reference (52) to be 
funetions of the approach parameter ke , as defined on Figs. 7.5 to 7.8. 
It is noted that approach parameter is a function of the trim angle om 
and the glide path angle % » For each value of the approach parameter ke 
the values of coefficients are shown for the instant of maxcLimum ac 
celeration, the instant of the maximum immersion, and in some cases at 
rebound, All of the above data apply to the float of the uniform, 
straight Vee cross section throughout the wetted length. The method of 


using the data for the curved bottom sections is given in Reference (51), 


Example ? Consider the prismatic float of 22-1/2 degree angle 

of deadrise, loaded to 1100 pounds, landing with the flight 

path angle ye = 8°, the angle of trim T = 9° and the velocity 
of 75 feet per second, Assume sea water with fO = 6/32 .2 = 1.99 


ss 


i V sin v = 75 x .1392 = 10.45 ft./sec. 
ho - 
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At the instant of the maximum acceleration we have from Figures Tat 
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and 7.8 2 
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instant of the max, acceleration? 
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oO 
It is advised to check the draft to ensure the chines are dry, and 
therefore the theory applicable. 
7.4 Impact Basir 


Reference (53) describes the experimental tank constructed at 
NACA, laboratories specifically for the impact testing of large 
models a up to about 2/00 pounds displacement, This float or model is 
attached to the carriage which is accelerated to the proper landing speed 
by means of a catapult, When the proper speed is reached the float 
with a certain part of the attaching structure is allowed to drop onto 
water, elther smooth, or on waves as desired, The horizontal speed up 
to 110 feet per second and the height of drop up to l feet are available, 
The vertical travel of the float, and accelerations resulting from the 
impact are recorded, References (53) to (57) give results of such 
impact tests in smooth water on the prismatic float of 22~1/2 deadrise 
at several angles of trim from -3 to 12 degrees, Reference (52) indi~ 
cates excellent agreement between these test results and the theoreti- 


cal data represented by Figures 7.5 to 7.8. 


7.5 Landing on Waves 


In the previous paragraphs the impact of a Vee shape on smooth 
water was discussed, Fig. 7.9 shows the seaplane landing on a wave. 
All of the data of smooth water landing are applicable in this case, 
provided the angle of trim C is measured with respect te that part of 
the wave surface at which the hull makes contact with water, and ¥ 
used in the previous theory is replaced by ve which is the component 
of the velocity taken normal to the water surface, as shown on Figure 39, 
in a number of landings the contact will be made with a number of points 
on the wave profile? ab certain points the combination of | and ¥ 


will produce the approach parameter RK such that maximum acceleration 


at the impact will resuit, This will occur usually for the impacts at 


the steepest slope of the wave flank, which varies with the ratio of the 
wave length to height (for further information on waves see Par, A@). 
By making a large number of tests in a towing tank, in waves of varying 
length, and with the model landing at random on any part of the wave 
profile, the curve can be drawn of the maximum impact acceleration vs, 
wave length, Such a curve is shown on Fig. 7.10. As the wave length 

is decreased from about 750 feet to 250 feet, the maximum impact 
acceleration is increased, because the landings are made on progressively 


steeper slopes of shorter waves, As the wave length is decreased below 


mh 


50 feet, the impacts become less severe, because the crest of the pre- 


©) 
ne 


eding wave begins to interfere, and the impacts can occur only on the 


higher points of the wave, where the slope is smaller. 


Examination of the Fig. 7.9 shows that in order to avoid a 
too small, or even a negative angle of trim ‘( the seaplane mst be 
flown at a large angle of attack with respect to the flight path, and 
this in turn must be as flat as possible, i.e, Ve must be as small as 
possible, Furthermore the acceleration of the impact is proportional 
to the square of the speed, and the speed therefore mst be as small as 
possible, All three of these objectives, large angle of attack, small Xs 
ands fewest possible speed, are obtained in a power landings, In these 
jandings sufficient engine power is used to permit seaplane only a very 
slow rate of descent, while maintaining a very large angle of attack, 
The effect of the slipstream in this case gives added wing lift, and 
better elevator control, so that larger angle and lower speed can be ob= 
tained than would be possible in a power-off landing, Furthermore, 
should the seaplane bounce off severely, as it does all teo often, 
sufficient increase of engine power can be quickly obtained to permit 


c 
a gentle letdown for the next contact, 


The bounce often results in the partial loss of control and 
speed, and the seaplane comes to the second and the subsequent contacts 
with waves at a steeper and steeper "glide path" angles, and smaller 
and smaller angie of trim, The conditions cease to correspond to the 
"step landing" discussed in theory, the resultant force moves towards 
the bow, and in addition to the vertical force a large nose-up pitching 


moment is developed, Figure hl gives the envelopes of the maximum 


transiational acceleration and the maximum pitching acceleration for the 


as 
various positions of the force along the hull length between the bow and 
the step, lxcellent time history of the landing process obtained on 
two dynamic models in the towing tank will be found in Reference (59), 
Good data on the position of the resultant force will be found in 
Reference (2), These were obtained on the full-size tests of a 


Heinkel HE-9a twin-float seaplane, 


7.0 Pressures Acting on the Hull Bottom 


In the section 72 it was explained how Th, von Karman re- 
presented the water force acting on the wedge entering water by assuming 
the wedge to be equivalent to the flat plate of the same wetted width, 


and using the concept of "added mass" associated with such 

a plate. Herbert Wagner (Ref. 38, 39, 40, 60 and 61) also 
used the concept of the expanding plate, but in addition to 
the determination of the added mass, he used the equations of 


the fluid flow about a plate, He has shown that immersion of the wedge 
is accompanied by the rise of water level in immediate proximity of the 
wedge, so that wetted width C becomes I/e times the width defined by 
the intersection of the wedge with undisturbed water, as this is shown 
On Fig. 7.3 (b) ° fhe velocity of the fluid at any point of the wedge 


is obtained from flow equations, and is shown to vary from zero at the 


keel to the maximum at the chines, ‘fiance the velocity at any point is 


; 
t 


known, the pressures are readily «tained from this theory is shown by 
dotted lines on Fig. 7.12, The conspicuous part of this diagram is the 
sharp peak of pressure at the edge of the wetted area, with lower 
pressures towards keel, When the chines are submerged, and the flow 
corresponds to the plate of a fixed width, the maximum pressure is at 

the keel, and corresponds to the stagnation pressure due to the vertical 
velocity V, i.e. to pve. The penetration of the Vee shape is shown 
to be analogous to the expanding plate, and even at the keel the pressure 
is shown to be several times higher than above, while the peak pressure 


now occurs at the edge of the wetted area, 


The "expanding plate" theery gave excellent insight into the 
eneral pattern of the flow, and into the pressures connected with it, 


2 


g 
It is evident, however, that conditions at the edge of the wetted area, 


coint A on Fig. 7.3(b) require further study, since the presence of the 
high pressure peak at the edge of the free surface must cause some form 
of an intensive local disturbance, H, Wagner applied the term "spray 
root" to the vicinity of the point A, and developed the mathematical 
theory (Ref, 60 and 61) representing the fluid flow in this region, If 
the vertical velocity of the wedge be designated by V, the horizontal 


velocity v of the point A becomes: 
v= aC/dt = FV/etans , (4 7) 


Since the point A moves with velocity v with respect to the undisturbed 


(22) 


water, the stagnation pressure at A iss 


ieee "= pv'/e 4 


This pressure accelerates the fluid particles along the bottom (forming 
the spray sheet) to the velocity v with respect to the point A, or 
approximately ev with respect to the undisturbed water, The existence 
of the spray, and of the high pressure peak are shown to be inseparably 
connected «= one cannot exist without the other, It is demonstrated in 
Ref, (60) that the same value of the peak pressure is obtained from 


elther the "expanding plate" or the "spray root" theories, 


Tt has been shown in Par, 7.3 and on Fig. 7.4 that planing of a 
Vee-shaped surface can be compared to the penetration of the wedge in 
each of the imaginary vertical slices of water, At the leading edge of 
the wetted area of the planing surface the "spray root" is formed, with 
its characteristic pressure peak, and with pressures dropping towards 
keel, These phenomena cease to exist as the chines become wetted, and 
all pressures drop to lower values, Fig. 7.14. shows the pressure distri-~ 
bution as measured by Dr, W, Sottorf on a prismatic planing surface of 


15 degrees deadrise, planing at the angle of trim of 6 degrees. Figure 


~I 


.15 shows the results of the pressure distribution measurements on a 
fullesize flying boat, Here the regions of the peak pressure and of the 
reduced pressure aft are approximated by rectangular step dlagrams, 

Fig. 7.16 shows similar pressure distribution for a longer wetted length, 
with a certain length of the chine forward of step wetted, Reader's 
attention is called to the fact that these diagrams represent the in- 


wStantaneous distribution of pressure, They should not be confused with 


the diagrams often found in the literature on the subject, showing the 


maximum pressure occurring at any part of the bottom during a landing, 


which are the “envelopes” of the instantaneous pressure diagrams. 


As the wetted length of the hull changes with the speed and load, 


the region of the peak pressure, always located at the leading edge of 
the wetted area, traverses the hull bottom area, so that almost any 
part of it is subjected to the high local pressure at some time. The 


bottom plating and stringers supporting a small bottom area must be 


designed therefore to withstand this high peak pressure. U.S. Navy, 
Bureau of Aeronautics calls for the yield strength of the plating and 


stringers of 25 pounds per square inch. The supporting structure, 


however, will be affected by the average pressure over a certain larger 


area, and can be designed for somewhat lower pressure. 


Equations 29 and 30 show that velocity of the stagnation point A, 


and therefore the pressure, increases with decrease of the deadrise. 


Figure 43 shows how the magnitude of the maximum pressure is affected 


£ 


by the transverse shape of the planing bottom. In case of the 


straight V the pressures gradually drop towards the chine, 


veg 


because of the decrease of the vertical velocity with increasing 


penetration into water. With a slight concavity of the bottom, 


pressures increase gently towards the chine, because of the 


decrease of the local deadrise angle 0 With the deep curvature of 


the bottom the pressures peak sharply towards the chine. 


7.6.2 Empirical Maximum Bottom Pressure 


Smiley (1950, 1951, 1952, References 79, 80 and 82) conducted 


tests at the N.A.C.A. impact basin to measure the pressure distribution 


on planing surfaces during impact, and developed an empirical equation 


for maximum pressure. This maximum pressure is in close agreement with 


Wagner’s expanding lamina solution. 


Py nq tan? T 
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The equivalent planing velocity is related to the horizontal and 


vertical velocity components during an impact. See Figure 7.17. 


y =tan'~ 
xX 
2 a ae Sane 
sin T tan 7 
Where 
Z = The Instantaneous Velocity Normal to the Keel 
x = instantaneous velocity of model parallel to 
undisturbed water surface 
y = instantaneous velocity of model normal to undisturbed 
water surface 
fa = equivalent planing velocity 


Y = The instantaneous flight path angle relative to the 


undisturbed water surface, Y 


7.6.3 Swept Wing Analogy 


Figure 7.18 shows the swept wing of an airplane. In aerodynamic 


calculations for swept wings, velocity components are taken normal to 


and along the wing. The normal component of the velocity stagnates, 


creating lift, whereas the component along the wing does not contribute 


to the lift. The same is true of a planing surface (Figure 7.19). 


Along the stagnation line, except in the region near the chin 


ther 


1, 


is an essentially constant pressure developed, which represents 


stagnation of the normal component of the planing velocity. If 


the 
the 


wave rise factor is taken as 7/2, the velocity components are taken in 


the horizontal plane, the following relations are given: 
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Where 


a= angle between the keel and stagnation line in 


horizontal plane 


the 


stagnation line 


fr 


stream velocity 


If sin’a is 


xpanded, th 
analogy is equal to Smiley’s empirical equa 
Reference 106) 
of differences in wave rise factor and the 


line is not in the horizontal plane; howev 


has made more exact calculations, 


component of free stream velocity normal to the 


maximum pressure from the swept wing 


tion. Pierson (1954, 
considering the effect 
reality that the stagnation 


r the results are not 


substantially different from the planar app 
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ressure Distribution 


Smiley (1951, Reference 81) developed 


to estimating bottom pressure distributions 


hulls. 


a semi-empirical approach 
on prismatic deadrise 


distribution in 


This method sepa 


three regions of the bot 


(1) Wagner’s (1932) penetrating wedge 


rately considered the pressur 


tom using three theoretical methods: 


or expanding lamina 


solutions in the spray root 
(2) The longitudinal c 


Wagner’s solution for a fini 


region 


nterlin distribution from 


pressur 


te-length flat plate at an equivalent 


coefficient of lift 


(3) The transvers (1881) 


pressur 


1948) 


distribution from Bobyleff’s 


solution (Korvin-Kroukovsky, for a stream impinging symmetrically 


on a bent lamina consisting of two equal straight lines forming an 


angle. 


See figure 7.20. This me 


(1972, 


thod was developed into a computerized 


approach by G Reference 75) and partially formed the basis 


(1978, 


ray 


for the well-known method of Allen and Jones Reference 73) for 


bottom structure of planing boats. 


(1955, 


In light of Kapryan’s Reference 76) extensive pressur 


measurements on prismatic planing surfaces, which became available 


after Smiley completed his study, and the need for pressure data in the 


region just aft of the stagnation line, 


(2010, 


where an averaging occurs in 


Smiley’s approach, Morabito Reference 78) developed a series of 


empirical equations to summarize the available prismatic planing hull 


pressure measurements. H xtended th 


analysis to include both the 


hydrodynamic and hydrostatic contribution to the pressure. 


It was found that the longitudinal pressure distribution aft of 


the stagnation line is a function of trim only; however, at the 


stagnation line, the peak pr 


angle, Q@. Figure 7.21 shows 
distribution developed. At 
zero. Figure 7.22 shows the 
approached, which was found 


transom, and only significan 


ssure is a function of the stagnation 
the form of the longitudinal pressure 


the transom and chines, the pressure is 


drop in pressure as the transom is 
to be dependent only on distance from the 


t within 0.5 beams. Figure 7.23 shows the 


drop in pressure at the chines, which is a function of deadrise. Th 


empirical equations allow fo 


r the calculation of bottom pressures at 


any point (X,Y) on the hull as a function of deadrise, trim, wetted 


length and speed coefficient 


1. Grid 


using the following relations. 


Define Y = distance off centerline (beams) 


Varies from -0.5 to 0.5 beams 


Define X = distance aft of stagnation line (beams) 
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Varies from 0 to tana 


2. Transverse Pressure Distribution 


For the given longitudinal section (Y=constant) Calculate both 


the maximum pressure that occurs at the stagnation line and the 


transverse pressure reduction for the rest of the surface. 


Transverse Pressure Reduction Equation 
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3. Longitudinal Pressure Distribution 


C = P,0.006z'* 
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4. Pressure reduction at Transom 
The distance from X = 0 to the transom at each longitudinal 
section 
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The pressure reduction as the transom is approached 
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The hydrodynamic pressure on the planing surface is 
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6. Total Pressure 
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Longitudinal Distance from Transom in non-dimensional format 
Xtravson = Ay — X) 
7. Integration 


For most trim and deadrise combinations, integration using 200 


points in X and 50 points in Y is sufficient. For flat plates at low 


trim angles, additional points in X are required (up to 800) to capture 


the sharp peak. 
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Figures 7.24 —- 7.27 show the ratio of stagnation line pressure to 
dynamic pressure as a function of hull parameters. Figures 7.24 and 
7.25 show that for varying deadrise and trim, the dominant component in 


the peak pressure is the stagnation line angle, a. Figure 7.26 


demonstrates the transition from significant buoyant contribution at 


low C, to its negligible effects at high C,. At low C,, the hydrostatic 


pressures dominate. Figure 7.27 shows the effect of wetted length on 
the pressure distribution. The pressures at the stagnation line are 
unaffected by the wetted length. The transom has little effect on the 


pressure distribution more than half a beam forward of it. 


7.7 Effect of the Elasticity of Supporting Structure 


Figure 7.28 shows diagrammatically the main mass of the seaplane 


M attached to the mass of the planing bottom M’. Initially both masses 


have the same vertical velocity V , but during the impact the 


velocities become y and Z, using the notation shown on Figure 7.28. 


We have now two equations describing the motion: the conservation of 


momentum, expressed by Equation (25) for the rigid wedge, now becomes 


(according to Reference 46): 
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the important fact indicated by Eq, 35 is the oscillatory 
character of the deflection f of the structure supporting the mass, and 
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on the wave height and the L/H ratio encountered at several stations 

in open sea, For the wave heights over 15 feet, the predominating fre- 
quency of occurrence of L/H is in the range of 20 to 30, L/H of 20 is 
adopted in the Naval Architecture as the basis for the strength calcula- 
tions of ship hulls, In the wave heights of to 10 feet, in which sea- 
planes often have to operate, the frequently encountered waves are in 


the L/H range of 20 to 60, 


When landing on waves, special consideration should be given to the 
direction of the waves and the heading of the seaplane. If the seaplane 
is landing in a head sea, the relative velocity between the seaplane and 
the wave flank will be the greatest. 


As noted in Principles of Naval Architecture (1989, Reference 83), 
Bascom (1959, Reference 84) and Pierson et al (1955, Reference 85), simple 
regular waves do not represent a normal sea condition, although they may 
approximate a smooth regular swell--a condition often encountered after a 
storm has passed or as a result of a distant storm. The usual sea 
environments are characterized by apparent irregularity. Figure 7.30 
shows a sample record of a time history of the level of the ocean surface 
at a fixed point. It is characterized by an appearance of great 
irregularity and confusion, with wide fluctuations in the interval between 
crests, T as well as the wave height, H). 


Pierson et al (1955, Reference 85) have found that the short-crested 
sea surface can be represented by an infinite number of infinitesimal 
regular sine waves superposed in a random fashion, as shown 
‘diagrammatically in Figure 7.31. The individual sine waves are described 
using the notation shown in Figure 7.32. Statistical methods, summarized 
by Korvin-Kroukovsky (1961, Reference 86), are used to describe this sea 


surface. It has been found convenient to define the regular wave 
components in terms of a function known as a variance, or a spectrum, as 
shown in Figure 7.33. This wave spectrum or "fingerprint" of the sea, is 


different for different sea states and is the basis for the statistical 
characterization of many important sea state properties used in design. 


Generally, sea conditions are described by one of any number of "sea 
state" scales, in which the modal period (period of peak energy in the 
spectrum) and significant wave height (average height of the 1/3rd highest 
wave crests) are specified. Care must be taken to specify which scale is 
being used when discussing sea states. Table 2 provides the calculation 
of Pierson-Moskowitz wave spectra for sea states 2-6, using the American 
Towing Tank Conference sea state definitions. 


Savitsky and Koelbel (1993, Reference 113) provide an excellent 
summary of wave statistics as applied to the design of planing boats, 
including a general overview of the subject, the transformation from a 
stationary to an encounter spectrum, and shallow water effects. 


Methods for Estimating Hydrodynamic Performance from Archival 


Data 
In the absence of hydrodynamic model tests for a particular 
design, it may be necessary to estimate the performance characteristics 
of a new design from archival data available through the NASA technical 
reports server, Carderock, or the Davidson Laboratory. It will be 
necessary to modify the results to account for variations in 


significant hull geometries as represented by an arbitrary hull form. 


Trim Limits of Stability (Porpoising): 


The phenomenon of porpoising has been described previously. It was 
stated that upper limit porpoising is mainly associated with afterbody 
interaction with the forebody wake and that the lower limit depends mainly 
on forebody lines in the vicinity of the step. Both limits are dependent 
upon the load on the water and speed. These correlations are documented by 
the systematic model experiments described in Reference 94 which 
investigated factors that might influence porpoising and defined their 


relative importance. Studies were made for a wide range of values of each 


of a number of geometric and operational variables treated independently. 
The major conclusions of Reference 94 are summarized below. 

ds; The stability limits for a given hull under various loading and 
aerodynamic conditions are determined primarily by the load on the water at 


a given speed. This is expressed in terms of a lift coefficient: 


20. GG 


where: 
oe 3 
CA A/whb 
Cy = V// gb 
b = beam 
w = water density 
A = load on water at a given speed 
C, = A/-G v? p? 


This same coefficient has also been found to collapse, onto a single curve, 


the porpoising limits for prismatic planing hulls of constant deadrise. 
(See Fig 8.1 taken from Reference 89). Note that the stable range for 
planing hulls is below the limit line rather than above as for the 


seaplanes. 


case of 


2. Increasing the aerodynamic tail damping rate lowers the lower limit 
at high speed. The magnitude of the effect is greatest, however, at tail 


damping rates considerably below normal. 


3. Forebody geometry effects primarily the lower limit particularly at 


post hump speed. The most powerful forebody variable is the amount of 

warping of the bottom just ahead of the step. Increasing the warping lowers 
the lower limit at high speeds, because it increases the effective hydrodynamic 
angle of attack with respect to the keel trim. Often, the angle of the 1/4 
buttock is used as a trim reference. Forebody length has a negligable effect. 


4. It was found that a forebody deadrise angle (at the step) of 20° 


appears to be optimum. Increasing deadrise angle raises the lower limit to 


the point where there may be only a small stable gap between upper and lower 
limit at take-off. Decreasing the deadrise angle causes the upper and lower 
limits to approach convergence just after hump speed. Thus it may be 
impossible for a low deadrise hull (approximately 10° or less) to take-off 
without passing through a region of instability. 

5. Increasing the stern-post angle increases the upper limit 
significantly and vice-versa. As previously explained, upper limit 
porpoising is primarily a consequence of afterbody interaction with the 
forebody wake. A simple monograph for identifying forebody wake shapes was 


developed in Reference 88 and is reproduced herein as Figure 9.10 


The effect of many other variables on the porpoising limits were also 
investigated in Reference 94, These included variations in moment of 
inertia; LCG position; wing lift rate; vertical velocity; aerodynamic 
damping; step height; etc. Nearly all had only a small effect on the 
porpoising limits. Thus, for the purpose of developing a simplified, first 
order, predictive technique, it has been assumed that the porpoising limits 


are primarily dependent upon the following three major parameters: 


1) /2 Cy. =vVLift Coefficient: // C, [Cy 


2) wl = Forebody warp: degrees per beam forward 
of step. 
3) o = Sternpost angle 


It is assumed that the forebody deadrise angle at the step is 
approximately 20° since this appears to be the optimum value to attain the 
widest stability limits. It is further assumed that the aerodynamic pitch 


damping has a normal value consistent with flight requirements. 


Lower Limit at High Speed Cres 


where: 


Lower limit of candidate 


4 
l 


4 
It 


Lower limit of baseline configuration 
MO see (C8 2 /Gs) 


c= 
Hl 


Forebody warp of candidate = degrees/beam 


= 
i] 


Forebody warp of baseline configuration 


Change in lower limit with respect to 
dw! forebody warp 


Lower Limt at Low Speed Crs 


As shown in Reference 94, the lower limit at low speed (in the hump 
speed regime) is primarily dependent upon the sternpost angle and increases 


directly with increase in sternpost angle. Thus: 


dr 
da 


T = 7 + (0 -a 
2 02 o? 


where: 


Lower limit of candidate 


4 
ll 


Lower limit of baseline hull 


4 
0 


02 
9, = Sternpost angle of baseline hull 
pa = Change in low speed lower limit with 


respect to change in sternpost angle 


= 1.00 deg/deg (Reference 94) 


Upper Limit at High Speed Cr) 


As shown in Reference 94, the upper limit at high speed increases 


directly with sternpost angle. 


Thus: 
dr 

a = es + (ao - a) ae 
where: 

cs = Upper limit of candidate 

ae = Upper limit of baseline hull 

“ 1 
£ (C,1/2/Cy) 

o = Sternpost angle of candidate 

7, = Sternpost angle of baseline hull = 9° 

e. = Change in high speed upper limit with 


respect to change in sternpost angle 


= 1.00 deg/deg (Reference 94) 


Upper Limit Cutoff at High Speed: 


There are values of (C,*/2/C) above which the upper limit no longer 


exists. 


The results of Reference 94 can be 


used to show that the limiting value of (C,4/2/C,) increases with increasing 


sternpost angle. Thus: 


dm 
m a eae a lao 
where: 
nm = (C,*/2/C.)) at upper limit cutoff of 
candidate 
a (C,*/2/C.) at upper limit cutoff of baseline 
hull 
go = Sternpost angle of candidate 
Ox, Sternpost angle of baseline hull 
a = change in cutoff with respect to change in 


sternpost angle = .01/deg (Reference 94) 


Spray Characteristics 


The studies of References 95,114,97 and 98 have shown that, for a 
given hull type, the longitudinal and vertical positions of the point of 
tangency to the main spray blister are a function of forebody length-beam 


ratio and the coefficient Co It 78. The lateral position is independent of 


forebody length-beam ratio. These relations are: 


Longitudinal Position: 


os eae ae oe 
C.4/3 G.t/3 
A A 
0 
where: 


C 
“ey longitudinal coefficient for candidate hull 
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OIA = longitudinal coefficient for baseline hull 
bt iNe a8 (C)?/C,*/3) 
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FO forebody length-beam ratio of baseline hull 


Vertical Position: 


3 
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where: 
Cy 
aS vertical coefficient for candidate hull 
A 
Cy 
= = vertical coefficient for baseline hull 


A Jy =f (C,2/C,1/s) 


Lateral Position: 


where: 


C. 
Cin = lateral coefficient for candidate hull 
A 


Cy 


eis = lateral coefficient for baseline hull 
A 


o uf (C,7/C,*/3) 


Hydrodynamic Resistance (Post Hump Speeds): 


Reference 99 presents an extensive review of hull resistance data 
obtained from the results of general tank tests made at the Davidson 
Laboratory and at the NACA. Data were collected for 10 flying boat hull 
configurations ranging in length-beam ratio from 6 to 16, with basic 


forebody deadrise angles ranging from 20° to 40°: and values of K, = 


2 
CA /(L/b) equal to approximately 0.02. Analysis of the resistance was made 
° 


throughout the take-off run at several combinations of gross weight and 
getaway speed. 


is: 


The basic equation representing the hull resistance, Ros 


Rr = Ra + Re 


The first term is the dynamic resistance which is equal to A tant 


where: 
2 

A = load on water = A 1 - u | 

° Vv 

G 

A, = gross weight of seaplane 
V = speed of interest 
Vo = get-away speed 
7 = trim angle of hull at speed V 


The second term represents the frictional resistance. In the planing 


speed region: 


£ £ H 
where: 
Ce = friction coefficient 
Sy = wetted area of hull, ft? 


The wetted area is a function of deadrise angle, 8; trim angle +r; load on 


water A, and speed. Ce is a function of Reynolds number. 


An empirical equation was developed in Reference 41, which collapsed 


the data and related the hull resistance to B, +, A, and V as follows: 


3 9 
Rp = A tan r + .008 (Sec B tan By P/s y /s 


This equation is to be used to make first order estimates of the hull 
drag even in the vicinity of the second hump where afterbody wetting and, 
consequently the frictional resistance become of major importance. In the 
post hump speed region, the trim angle to be used in the above equation 


should lie between the upper and lower porpoising limits. 


Hydrodynamic Resistance (Hump Speed): 


The hull resistance equation previously defined also applies at the 
hump speed region providing reasonable estimates can be made of the hump 
trim and hump speed. Fortunately, Reference 92 presents the results of a 
model test program, which among other objectives, examined the dependence of 
hump speed coefficient and trim angle on length-beam ratio, forebody length 
fraction, and sternpost angle. The data of Reference 18 have been cross 
plotted on Figs. 8.2 and 8.3 From these plots the hump speed coefficients 


and trim angle are readily obtained. The speed coefficient is defined as: 


fo 
{I 


v ~My / fe 


where: 


<j 
I 


hump speed 


b = beam of forebody at step 


It is seen in Figure 8-2 that the hump speed coefficient is mainly 
dependent on length-beam ratio - increasing with increasing L/b. In 
addition, the hump speed coefficient also increases as the 
forebody-afterbody length ratio decreases. 

From Figure8.3 it is seen that hump trim angle is mainly a function of 
forebody length fraction and sternpost angle increasing with decreasing 
sternpost angle and increasing forebody length fraction. 


For a given design the values of C, and 7 are obtained from Figures 38 


Vy 


and 39 and substituted into the resistance equation defined above to obtain 
the hull resistance at hump speed. This is usually the maximum hydrodynamic 


resistance encountered by the hull during the smooth water take-off process. 


Landing Impact Accelerations: 


A survey of existing formulae and computational methods for determining 
the maximum impact accelerations for seaplane hulls (Reference 99) revealed 
many good theoretical procedures for analyzing various hull geometries for a 
range of landing conditions (Refs. 100, 101, 102). In general two broad 
types of impact conditions are considered: (a) chines-dry impacts where the 
maximum impact acceleration occurs at drafts prior to chine immersion and 
which are usually associated with low beam loading and low flight path angle 
relative to the water surface and (b) chines immersed impact where the 
maximum acceleration occurs after chine immersion and which are usually 


associated with high beam loadings and/or high flight path angles. 


The most useful method available for a general analysis of chines-dry 
impact are those given in a theoretical study (Reference 90.). For the 
wetted chines case, the empirical study given in Reference103 has been shown 
to be quite useful for a wide range of practical beam loadings and flight 


path angles. 


Since the chines immersed impact is the type most likely to occur in 
rough water open sea landings particularly with the high beam loading 
associated with modern high length-beam ratio hulls the empirical formula 


presented in Reference 99 will be used. For landings in smooth water the 


maximum impact acceleration is shown to be: 


Smooth Water: 
By Aes B 
n = 0.00825 y bv AS 1- 


substituting the beam loading coefficient Cy into the above equation 


yields: 


where: 
7 = impact acceleration at center-of-gravity, g's 
y = flight path angle, deg 
B = forebody deadrise angle at step, degrees 
4, = gross weight of seaplane, lb 
V = landing speed, fps 


It will be noted that the smooth water impact acceleration is linearly 
proportional to flight path angle; varies as the square of the landing 
speed; and is inversely proportional to the cube root of the beam loading. 
ft will be further, noted that trim angle does not appear in the empirical 
equation although it is known that, basically, impact accelerations decrease 
with decreasing trim angle ("Refs 103 and 104 ). The omission of trim in 
the above equation may be attributed to the fact that, the experimental data 
upon which it is based had a limited trim range which was consistent with 
expected landing trim of typical seaplanes. The maximum trim is limited to 
the values of sternpost angle which, for most seaplanes, varies between 8 
and 10°, In any event, Reference 99 states that the empirical equation 
predicts maximum smooth water impact accelerations within + 10% of those 


neasured in model tests of some eight different seaplane hulls. 


For hulls, with lower beam loadings, such as floatplanes and low 
length-to-beam ratio hulls, the chines will likely remain dry thoughout 
the impact. In this case, the theoretical impact accelerations given by 
Milwitzky (1948, Ref. 52), shown in Figure 7.7 may be more applicable. 


Rough Water: 


When landing in regular waves, Reference 41 states that the effective 


flight path angle, oe should be measured relative to the maximum slope of 


the oncoming wave Jes Thus: 


sie aa 
where: 
y = flight path angle relative to still water 
at time of wave contact, degree 
o, = maximum wave slope = Tan7! aa 
Ww 
h = wave height, ft 


i] 


1g 7 wave length, ft 


a can be readily calculated for regular waves. For operation in 


irregular waves (which is the more common environment), after initial 
touchdown, the seaplane is generally in an uncontrolled condition as it 
bounces through the oncoming irregular wave train. The instantaneous values 


of y and Oe, at each subsequent wave impact are random and their statistical 


distribution and combinations are also unknown. 

Based on observations of seaplane landings reported in Reference 99 , a 
typical value of y in a landing approach is approximately 5°. The maximum 
value of wave slope will be assumed to be related to significant wave height 
and to a critical wave length which is taken to be 3 times the length of the 
seaplane. This is entirely an empirical assumption which is based on some 
recent unpublished model test data obtained at the Davidson Laboratory. The 
physical interpretation of this "effective" wave length is that it allows 
for forebody impact without afterbody contact with the wave train. It is 
emphasized, however, that much more research must be carried out before a 
documented procedure can be developed for predicting hull impact 


acceleration in irregular waves. 


In summary then, 


Substituting this value of ve into the previous equation provides the 


following estimate for the center-of-gravity acceleration in irregular head 


seas: 
2 

n= |54Tant | iy, 4 (.00825) Y ( the £- 

2h A,*/3 


Statistically, this appears to be the acceleration expected in one of 100 


landings. 


0: Aerodynamic Performance 


For hydrodynamic take-off calculations, it is reasonable to assume 


that the seaplane aerodynamics are such that the craft can attain a 


stable running trim angle during take-off. In this case, only 
estimates of the aerodynamic lift and drag are needed. For a 
prediction of aerodynamic stability, required wing angle of incidence 
and horizontal elevator area, as discussed in Chapter 10, it is 


necessary to know the lift curve slope, taking into account the ground 


effect and the flap deflection, as well as the moments generated by the 
wing. These factors are discussed in any course on applied 


aerodynamics. 


9.1 Aerodynamic Lift and Drag 


The following simplified aerodynamics may be used in conjunction 


with the prediction method given in Chapter 8. The lift is the 
standard parabolic unloading curve, which assumes a constant angle of 


attack of the wing. 
A = Weight on Water 
Vv 
=A [ 1-(——)? | 
° Vo 
During take-off, the wing is assumed to be operating at its 
maximum lift coefficient. The maximum lift coefficient occurs just 


prior to stall, and is often increased by (1) the use of flaps at the 


trailing edge, which increase the camber of the section and (2) leading 


edge slats, which control the boundary layer, increasing the angle of 
attack at stall. Figure 9.1 shows some typical high-lift 
configurations. It should be recognized that some of the most complex 


configurations will not be feasible for small aircraft. The following 


table of 2-D maximum lift coefficients is developed from data 


summarized by Kroo (2006, Reference 118). 


Configuration CLmax 

Flaps Retracted 1.3 Le 6 
Single Slotted Flap 220 = 2.5 
Single Slotted Flap Plus Leading Edge Device 2 32729 
Double Slotted Flap Plus Leading Edge Device 242°: 3150 
Triple Slotted Flap Plus Leading Edge Device 2e0 = 3.0 


The flaps are generally deflected during the take-off and landing, but 
are retracted during normal flight. The take-off distance can be 


reduced somewhat by keeping the flaps retracted at the low speeds. 


Expressions for preliminary estimates of the aerodynamic drag are 
derived for conditions typical of those occurring during take-off and 
landing. These may be used when evaluating the total performance of a 
particular seaplane. In particular, the aerodynamic drag is added to the 
hydrodynamic resistance to determine the total drag during various phases of 
the take-off. 


Using the conventional aerodynamic terminology and concepts: 


= 2 
D, =) (p/2) Vs 
where: 
dD. = aerodynamic drag, lb 
Coa = total drag coefficient 
2 
- ¢ Tmax 
~ “Dp a .ARee 
Vo= speed, ft/sec 
Ss = wing planform area, ft? 
p/2 = air density = .0012, lb-sec? ft! 
and: 
Cop = parasitic drag coefficient of 


total aircraft. Typical value = 0.025 
(Reference 41) 


C = maximum lift coefficient 
Lmax 
AR = aspect ratio of wing 
@€ = edge correction factor = 0.80 


Th ffective aspect ratio in ground effect is higher, but for these 


simple calculations the difference may be neglected. 


The second term in the above equation represents the induced drag due to 


wing lift, Thus: 


2 
i Lmax 2 
D= 025 + .40 av 0012 V*S 
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9.2 Aerodynamics for Stability Analysis 


In stability analysis, it is necessary to know the location of 
the aerodynamic center of the wing/tail, the pitching moment about the 
aerodynamic center, the lift curve slope, the lift coefficient, the 
drag coefficient and the zero lift angle, including the effect of the 
flap. A strong understanding of applied aerodynamics is required to 


determine these accurately, and the discussion is outside the scope of 


this course. Abbott and Von Doenhoff’s Theory of Wing Sections, 
Reference 122 and the USAF Stability and Control DATCOM, Ref. 119 are 


essential references. For the purpose of providing initial values for 


the stability analysis given in Chapter 10, a crude method of rapidly 


estimating the aerodynamic properties of wings is presented here. 


9.2.1 Lift Curve Slope 


The theoretical 2-d wing lift slope is 2H. This lift curve slope is 


corrected for finite aspect ratio. For unswept wings: 
SCL/Sa =2 2 AR/ (AR +2) 
Where 
Q = Angle of Attack (radians) 
AR = Aspect Ratio = Area/Chord’ = Span/Chord for wings without 


taper 


If the wings are swept back, the DATCOM formula (Ellison, 1965, 


Reference 119) may be used 
, 2xAR 
CL. od ee  —————— ———— 
24 ,/(AR/n)?(1 + tan? A — M2?) 44 


Where 


n = difference between theoretical and experimental 2-D 
lift curve slope = 0.97 
A = Sweep Back Angle at mid Chord (degrees or radians) 


M = Mach Number 


The lift curve slope is not substantially affected by camber, i.e. flap 


deflection, as demonstrated in Figure 9.2. 


9.2.2 Aerodynamic Center and Pitching Moment Coefficient 


The aerodynamic center about the % chord, and pitching moment 


coefficient are given in Figure 9.3 (taken from Goranson, 1944, Ref. 


121) for various flap configurations. Tapered wings with partial span 


flaps require special consideration, and Goranson suggests using a 


weighted average based on wing area and mean aerodynamic chord. 


9.2.3 Angle of Zero Lift 


The zero lift angle depends on the section used. For symmetrical 
sections it is zero, becoming increasingly negative with increasing 
camber. Figure 9.2 shows the effect of flap deflection on a lift 


curve. It can be seen that full flap deflection has reduced the zero 


lift angle from approximately -2 degrees to -15 degrees. In order to 


properly set the angle of attack of the keel with respect to the wings, 


this angle must be known with some degr of certainty, requiring 


aerodynamic calculations out of the scope of these notes. Because th 


lift curve slope remains essentially constant with flap deflection, and 


the angle of attack of stall is within a few degrees, for rough 


estimation, the difference in zero lift angle when the flaps are 


deployed can be estimated as: 


da =(CL_ max retracted - CL_max deployed) /( 6C,/da) 


9.2.4 Drag 
The total drag of an airfoil is the combination of profile drag 


and lift-dependent drag and can be approximated by 
Cp =Cpo + CL” / (a AR e) 
Where e is an edge correction factor = 0.80 for high wing aircraft and 


Cpo usually ranges from 0.01 to 0.03. 


O73 Float Aerodynamics 


For floatplanes, the aerodynamic forces from the floats must be 


added to the aircraft. Liddell (1942, Ref. 120) presents wind tunnel 


data on three similar EDO floats, one of which is shown Figure 9.4. 


The results were reported in terms of total enclosed volume of the 


float. The following three equations summarize the results for angles 


of attack of -10 to 12 degrees: 


Drag = (0.004 + 0.0005 a?) % 9 V* Vol?/3 


hiftte- =: (0.018 oo). Bowe Vole? 
Pitch Moment = (0.03 a) % 9 V* Vol 
Where 


Q@ = Angle of Attack of Keel in Deg 
V = Air Speed (ft/sec) 

Vol = Volume of Float (ft%3) 

© = Density of Air (Slug/ft*3) 


Note: Any consistent unit system will work 


9.4 Engine Thrust 


Figure 3.15 shows a typical propeller thrust curve. Due 
consideration must be given to the reduction in propeller thrust with 
speed, and it is recommended that calculations be made of the propeller 
thrust using a set of standard series curves, such as presented in 


Figure 9.5. 


10. Computerized Hydrodynamic Prediction Method 


Appendix 4 contains lecture notes by Kenneth E. Ward, froma 


course on seaplane design offered by Consolidated Aircraft Corporation 
in the 1940s, on the longitudinal dynamic stability of a seaplane on 
the water, in which the equations of motion are developed, considering 


hydrodynamics, aerodynamics and thrust. The hydrodynamic coefficients 


are derived in N.A.C.A. format, and may be evaluated from general tank 


test data. The method can be used to estimate the equilibrium 
conditions of the seaplane, as well as the porpoising stability. In 


the porpoising stability analysis, it is important to critically review 


the damping (velocity-dependent) coefficients. The vertical velocity 


is converted to an effective increase in angle of attack. In contrast, 


Smiley (1951, Reference 80) has converted the vertical velocity to an 


ffective increase in equivalent planing velocity. The effect of pitch 


velocity is considered as a motion of the center of pressure, which is 
not strictly correct. 
The calculations proceed as follows: First, a trim angle and 
speed are assumed. Then, the aerodynamic lift, drag and moments about 
the center of gravity are estimated. The hydrodynamic forces and 
moments can be determined from specific tank test data as a function of 


speed, load on the water, and trim. The thrust may be assumed to be 


the maximum deliverable at the given speed during take-off. The 
moments due to aerodynamics, hydrodynamics and propeller thrust are 
summed and to provide a net moment of zero, the angle of the horizontal 
elevators is calculated. The aerodynamic and hydrodynamic stability 
derivatives are estimated, and the porpoising stability is confirmed by 
using the Routh discriminate. The method is a linear analysis, which 


leaves out the non-linearity inherent in planing craft, such as lift 


being dependent on the square root of mean wetted length. As such, the 


derivatives must be evaluated at the equilibrium point and are not 


applicable for large deviations from the equilibrium angle. 


Prior to the advent of computers, the process was excessively 


laborious, requiring calculations for each trim angle and speed. It 


was generally agreed that for porpoising, it was far more practical to 


run the porpoising test in the towing tank, rather than estimate the 


hydrodynamic derivatives from model test data and then make the 


calculations. Today however, with a basic spreadsheet, it is possible 


to automate the calculation procedure. The need then arises for a 


method to estimate the hydrodynamic derivatives from computerized 


equations. The required derivatives are as follows: 
cee: ac, eC, 
A= 
wh aC, Or 
ee eC, eC, 
f= 
wh? aC, ar 
co -é eC, aC, 
= st 
wh* aC, ar 
Where 
r —Z 
C, =— = 
bb 
yr = Rise of CG 
z = Change in Draft 
= Weight of Seaplane - Aerodynamic Lift 
M = Moment taken about C.G. 


The heave derivatives are 
varying draft. 


constant and the seaplane is ro 


To determine the trim derivatives, 


found by holding the trim constant and 


the heave is held 


tated about a fixed point. Figure 10.1 


shows a comparison of two methods of determining trim derivatives. 


The student should be cau 


equilibrium is satisfied fairly 


tious that although the steady-state 


rigorously, the definition of the 


damping (velocity-dependent) te 


leeway and at the present time, 


10.1 Hydrodynamic Derivatives for 


rms and rotational terms have some 


there has been insufficient validation. 


Single-Step Planing 


10.1.1 Chines Wet 


In chines wetted, single s 


found by the method of Savitsky (1964, 


hydrodynamics of planing hulls a 


from model tests of prismatic planing s 


infinite length with constant deadrise and beam). 


valid when planing, and so it should no 


tep planing, 


the derivatives 


Reference 105), where 


re estimated using equations 


urfaces (i.e. planing 


can be 
the 
developed 
hulls of 


t be applied at low speeds. 


The method is only 


The 


wetted geometry of the planing surface may be seen in Figure 10.2. 


Given an initial load on the water, 


surface can be calculated. 


the lift coefficient of the planing 


«2 She. SDC: 
al ama 
50 


The following equation, developed from model tests on deadrise 
planing surfaces with wetted chines is solved (numerically or 


graphically in Figure 10.3), to find the lift coefficient of an 


equivalent flat plate, Cho. 


fe) 


C, .70,,-0.0065.6.¢, °° 


La 
The following equation is solved (numerically or graphically in 


Figure 10.4) to find the mean wetted length-to-beam ratio, A. 


7 1] 1/2 5/2 
C77 (0.0120 »”* +0.0055 1°7yc,? ) 


The wetted length at keel and chine may now be known. 


btan gs 
i, = rb 
, r 27 tanr 
7. _ rb _ 5 tang 
2a tan r 
DL, = d/sinr 


If the wetted length at the keel exceeds 90% of the forebody 


length, it is likely that the curved bow sections will be immersed, and 


there may be significant bow spray, and the calculations of pressure 
and friction drag will be incorrect. If the wetted length of the chine 


is negative, Savitsky’s lift equations are no longer applicable. In 


this case, Pierson’s (1954, Reference 106) empirical lift equation for 


chines dry planing, which is discussed later, may be used. 


The friction drag force parallel to the keel is found using the 
wetted surface area (Ab? /cost ): 
Crp V2 (Ab?) 
D,= “~ 
2 cosg 
Where V, is a bottom velocity that includes a reduction due to 
lift that is found by application of the Bernoulli equation on the 


surface (Figure 10.5). The average dynamic pressure is 


Applying Bernoulli’s equation between the free-stream conditions 


and the average pressure and velocity conditions on the bottom of the 


planing surface: 


The friction coefficient is ordinarily found from the ATTC 1947 


(Schoenherr) line, which requires an iterative solution (generally 5 is 


sufficient). At full scale, this line is practically identical to the 
ITTC 1957 friction curve. The Reynolds number is based on mean wetted 
length. 


The total drag is the summation of the frictional resistance and 


the pressure drag acting parallel to the horizon. 


_eVPC Xd? 


D = Atanz + ————*~—_ 
2 cos cosr 


The hydrodynamic resistance coefficient, Cp, may now be 
calculated. 

To estimate the moment about the center of gravity, the line of 
action of the normal force and friction force must be known. Figure 


10.6 shows the hydrodynamic forces acting on the forebody. 
M = —WNe—Dy;a 
Where, 


D; = viscous component of drag, (assumed as acting 


parallel to keel line, midway between keel and 
chine lines), Ib 


N = resultant of pressure forces acting normal to 
bottom, Ib 


A 
COST 


N= 


a = distance between D, and CG (measured normal 
to D,), ft 


a=VCG “tan 


c = distance between V and CG (measured normal 


to NV), ft 
c=LCG-C,Ab 
Cp = hydrodynamic center of pressure, measured along the 
keel. 
l 1 
Co. = = 0.75 
ees 1 C2 


VCG, LCG referenced from step parallel to keel 


The hydrodynamic moment coefficient, Cy, may now be calculated. 


At this point, all of the information needed to solve for equilibrium 

is known. If a range of trim angles and speeds are calculated, it will 
be possible to calculate the planing characteristics for both free-to- 
trim track (solving for elevator deflection = 0) and minimum resistance 


track. Take-off distance and time may then be calculated. 


The lower porpoising limit can be determined by estimating the 
stability derivatives. The upper porpoising stability limit generally 
occurs during two step planing and will be discussed later. 


The derivatives can be calculated numerically by perturbing the 


draft or the trim a small amount, finding the difference in the 


hydrodynamic coefficients and dividing by the difference in trim or 


draft. For example: 
OC, _ C,(Cr+ 6Cr)—C, (Cr) 
oc, oCr 
OC, Ci, (£*0t)-Ci) 
OT OT 


The effect of change in draft at constant trim will be a change 
in the mean wetted length-to-beam ratio, A. 
~ 5C, 
sin T 


OA = 


With the revised mean wetted length-to-beam ratio, the 


hydrodynamic lift, drag and moment may be calculated directly from the 
preceding equations, without the need for iteration. 
The derivatives based on change in trim may be calculated ina 


variety of ways, depending on which point is held stationary (i.e. keel 


intersection with still water; keel intersection with step; center of 


gravity; mean wetted length). Pierson (1954, Reference 106) includes 
the transformations from keel intersection with still water to C.G. 
derivatives. In the current analysis, using Savitsky’s equations, it 


is most simple to hold the mean wetted length constant and simply vary 


trim. Future validation is necessary. 


Example 


Estimate the stability derivatives of the seaplane in Appendix 4. 


Note, the lines for the seaplane are not known, so it is approximated 


as a hull having no warp and a 20-degr deadris 


9.17 ft; Load on Water = 33414 lb; V = 69.2 ft/sec 


Given: b 
Cv = 4; CA = 0.677; t = 7 deg; B = 20-degrees; 
LCG = 2.71 ft fwd step; VCG = 12.83 ft above keel 


Solution: 


Resistance Coefficient: 


A 2G. 
CAs mars 2 x 0.677 / 4*2 = 0.0846 
— pV*b? 
2: 
C, =C, —0.0065 Bc, % 6° 
Clo = Fig 10.3 or solve ‘ge “to m0 = 0.121 


Clo/t*1.1 = 0.121/7%1.1 = 0.0143 
-7i! 2 5/2, 2 
et (0.0120 4°" +0.0055 2X /Cy ) 
A = Fig 10.4 or solve 
= 1.30 


= 33414 / (1.30 x 9.17*%2 x cos 7) = 307 lb/ft*2 


Or Fig 10.5 
= 69.2 x (1 - 2 x 307 / (1.94 x 69.2%2)) = 64.74 ft/sec 


_ViAb 
V 


Re = 69.2 x 1.30 x 9.17 / 1.28E-5 = 6.4 x 10%7 


Cf = Figure 3.6 or ATTC or ITTC = 0.00222 


pVi7C Xb? 
2 cos8 cosr 


D = Atanr + 
33414 x tan 7 = 4102 lb 
1.99 x 64.747 x 0.00222 x 1.3 x 9.17% / (2 cos20 cos7) = 10851b 
D = 4102 + 1085 = 5188 lb 


Cr = D/wb*3 = 0.105 


Moment Coefficient: 


A 
N= = 33414 / cos7 = 33664 lb 
COST 


b 
a=VCG-——tanf = 12.83 - 9.17 / 4 x tan20 = 12.0 ft 


= 0575 — 1 (S220-k AN? Ff 1.304820 + 2539), = O78 


c=LCG-—C,Ab 
= 2.71 - 0.73 x 1.30 x 9.17 = -5.99 ft 
C yp V2.6?) 
Oe = 
2 coss 
1.99 x 64.747 x 0.00222 x 1.30 x 9.17% / (2xcos20) = 10761b 
Mo = —Nce—D,a 


= -330604 x (-5.99) - 1076 x 12.0 = 168537 ft-lb 


M 
Cy =—qz = 168537 / (64 x 9.17%4) = 0.417 


Draft Derivatives: 


Perturb the planing surface by raising the CG by a small amount, 


and re-compute lift, drag and moments. For this example, the 


perturbation is ~ Cr = 0.01 beams, which will result in a small, 


but calculable difference in wetted length. 


OA =—— = -0.01/sin7 = -0.082 
sin T 


w= 1.305 = 02-082 = 1.522 


tt 
C_(=T (0.0120 »”* +0.0055 »°/2/c,?) 
0 = 0.116 


0.60 


C, =C, -0.00658 Cc 
‘a “to Lo =96; 0815 


C,,Cy 


C,= = 0.0815 x 4%2 / 2 = 0.652 
: 2 


OC, _ C,(Cr + 6Cr) —C, (Cr) 
oC OCr 


r 


= (0.652 —- 0.677) / 0.01 = -2.54 
Drag: 
A = 33414*0.652/0.677 = 32180 lb 


2 cos8 cosr 


32180 x tan 7 = 3951 1b 
1.99 x64.747 x 0.00222 x 1.218 x 9.17% /(2 cos20 cos7) = 10161b 
D = 3951 + 1016 = 4966 lb 


CR = D/wb*3 = 0.101 


OCy _ Ca(Cr + 0Cr) —C, (Cr) 
oC oCr 


r 


= (0.101 —- 0.105) / 0.01 = -0.439 


Moment: 


A 
N= = 32180 / cos7 = 32398 lb 
COST 


b 
ir = 12.83 - 9.17 / 4 x tan20 = 12.0 ft 


l 1 
Cp = = = 0.75 — 
> Nb _. CY 
5.21 x2 + 2.39 
= 0.75 - 1/(5.21 x 442 / 1.216*2 + 2.39) = 0.73 
c=LCG—C,Ab 
= 2.71 - 0.73 x 1.216 x 9.17 = -5.46 ft 
C pp V2 (Ab?) 
Dis 
2 coss 
1.99 x 64.74% x 0.00222 x 1.216 x 9.17% / (2xcos20) = 10071b 
M= —Nce—D,a 
= -32398 x (-5.46) - 1007 x 12.0 = 164892 ft-lb 
M 
Cy =—z = 164892 / (64 x 9.174) = 0.364 
wb 
OCy _ Cy(Cr+6Cr)-—C,,(Cr) 
oc, oCr 
=(0.364-0.417)/0.01 = -5.26 


Trim Derivatives 
The trim is perturbed from 7 degrees to 6.5 degrees and the mean 
wetted length is held constant. Future validation may demonstrate that 


it is necessary to consider the change in wetted length with trim, 


pivoting the seaplane about the center of gravity. For small 


perturbations, rounding error in calculations will have a significant 


effect on the calculated derivatives. 


At 6.5 degree trim and mean wetted length-to-beam ratio 1.3: 


Cr = 064.9 
Cr = 0.0925 
Cy = 0.381 


OC; Cet Ory CANE) 
OT OT 
= (0.619 — 0.677)/(0.5/57.3) = -6.62 


Where t is in RADIANS 


OCR = C(t + 06) ~ C2 (7) Where t is in RADIANS 


OT OT 
= (0.0925 —- 0.105)/(0.5/57.3) = -1.42 
oC C, (t+ 6t)-C,(t 
MS ul Je Cult) Where t is in RADIANS 
OT OT 
= (0.381 - 0.417)/(0.5/57.3) = -3.59 


Summary of Derivatives 


Calculated from Prismatic Planing Hull 


Cy, = 0.677 Cp = 0.105 Cy = 0.417 
OG = -2.54 oes = -0.439 Cw = -5.26 
oc, oc. OC, 

oek = 6.62 Cn = 1.42 eu = -3.59 
OT OT OT 


10.1.2 Chines Dry Forebody Planing 


Pierson (1954) develops the stability derivatives for a chines 


dry planing surface from theoretical considerations; however the 


solution is in graphical format. Pierson also provides an empirical 


equation for the lift developed by the planing surface, which may be 


used to estimate the derivatives in a rudimentary manner. For a given 


deadrise and trim, the lift coefficient based on keel wetted length may 


be calculated or read from Figure 10.7. The keel wetted length can 


then be calculated as a function of forward speed and lift: 


‘ Z2 tan 
= = 
nm tanr 
0. 
c, 151 
{d! cos? B)?:? 
C= i = 
as is 
A 
Ly = 7 


The center of pressure is approximately 1/3°¢ of the keel wetted 


length from the step. 


I, =Ly/3 
The wetted area for the triangular planing surface is: 
eee 
2 sin B 
The mean bottom pressure and velocity are then: 
- A 
nae Scost cos # 


The Reynolds number is based on Lk/2 


V_L 
Re =—— 
v 2 
Friction drag parallel to the keel 
2 
_ CpV'S 
eo 9 


Total Resistance 
R=Atant+D, COST 


Pitch moment about the CG 


Mo = —Nce—D;,a 


Where 


The normal force 


A 
COST 


N= 


The distance from the LCG to the center of pressure 
c=LCG-1, x LCG-L,/3 


The distance from the VCG to the line of action of the 
friction force. The friction force acts at a distance of % 


the draft in the chines dry condition. 


a=vcG LK Sint 


The drag and pitch N.A.C.A. coefficients may now be calculated. 
As a practical matter, normalizing chines-dry planing parameters by 
beam makes little sense, but it allows the results to fit into our 
existing framework of calculations. The derivatives for heave and trim 


may now be calculated by finding the local slopes in the same manner as 


the chines wetted condition. 


10.1.3 Pointed Step Forebody Planing 


The main step of a seaplane is often pointed, such that the keel 


intersection with the step is aft of the chine intersection (See Figure 
10.8). Savitsky (1951, Reference 107) studied the planing 
characteristics of Vee-steps. The center of pressure was unaffected by 


the step angle, as long as it was measured from a location midway 


between the keel and chine. The lift was found to increase with Vee 
step angle up to 45-degrees and then decrease at large step angles. 
= _ 66 1,5 
C, = C, — .0065 fc, *° + ffy) C, ' 


a 


ee ae a 


FLAT DEADR ISE VEE -STEP 
PLATE EFFECT EFFECT 


10.2 Two-Step Planing 


Two-step planing occurs when the forebody wake impinges on the 
afterbody. At low speeds, as the seaplane transitions from 
displacement to planing, this is necessary, and the afterbody provides 
necessary bow-down moment through the hump speed. At high speeds, 


however, the afterbody interaction with the forebody wake and spray 


generally results in an increase in frictional drag and the onset of 
upper-limit porpoising. Figure 10.9 shows a diagram of two-step 
planing developed by Hugli and Axt (1949, Reference 108). Savitsky and 
Morabito (2010, Reference 110) applied the same approach to stepped 
planing hulls. 
In a computerized approach, the draft and trim must first be 


assumed. The forces and moments on the forebody are calculated. The 


longitudinal centerline wake profile, developed by Korvin-Kroukovsky, 


Savitsky and Lehman (1949, Reference 109) (See Figure 10.10) can then 
be plotted and the intersection with the afterbody determined. 
Savitsky and Morabito (2010, Reference 110) provide a review of the 


research, both experimental and theoretical, that has been done in the 


field of wake profiles and present a revised set of equations 
applicable for planing boats. 


The centerline profile is chosen for a seaplane because of the 


slenderness of the afterbody. Morabito (2005, Reference 111) developed 
equations for the full three-dimensional wake profile, which are more 
applicable for planing boats with wide afterbodies (Figure 10.11). 

Once the intersection of the wake with the afterbody is known, the keel 


wetted length and effective angle of attack may be calculated. The 


ffective angle of attack is the difference between the slope of the 
wake and the trim of the afterbody. 


At the present time, the main deficiency in determining two-step 


equilibrium is in calculating the lift of the afterbody in the 


irregular forebody wake, and as such, all predictions are approximate. 
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Figure 1.1: Flying Boats, Floatplanes and Amphibians (Taken from FAA, 
Ref. 115) 
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Figure 1.5: Like Drawing of NACA Model 4-A Single Float (Navy Mark V 
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Figure 2.2: Definition of Metacenter M, and of the 
Metacentric Height, MG. 
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Figure 3.3: Lift of Planing Surfaces (charts taken from Korvin- 
Kroukovsky, Savitsky and Lehman, 1949, Ref. 5) 


Figure 3.4: The Diagram Showing the Total Drag as the 
Sum of the Dynamic Drag and the Friction Drag 
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Figure 3.6: Friction Coefficient versus Reynolds 
Number 
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Figure 3.8: The Variation of Drag-to-Lift Ratio with the 
Angle of Trim for a Constant Displacement and with Wetted 
Length Variable (Taken from Sottorf, 1934, Ref. 7) 


Note: Deadrise given as included angle 
180-deg = Flat Plate (0-deg deadrise) 
160-deg = 10-deg deadrise 
132-deg = 24-deg deadrise 
100-deg = 40-deg deadrise 


°23¢ Add Laag Ni daadg wd, 


CI 


TO 
op 
” 
uo 
D 
B 
a 
5° 
ie 
oO 
(wid, Gacy) 
= DNYISIS-IA 
t 
os —{ 
a © 
ec ~ Ligad 40 2ONvHD = 
D> 
vos i cms w 
8 or ; 
2 BO i" 
oi a 
58 ° 
WN Dp 
9° ez) —o 
ibs 2 
2 
Of = Ae a 
D ~~ | oo Way, dO NOWY 
soe el : Bius 
—| + 


TepoW e JO Asay, oTZTOedSs 9yyA wWozZ searnpD 
eaeoH pue WTAL ‘soueqstTsey eyq Jo yes TeotdAL sul :6°¢€ eaznb6ta 


Resistance coefficient, Cp , 


Triming-—moment coefficient, Cy 


Wes 
RACK 


no. 


a 
mo 


pa z 
4 aa r 
tt ph NN tt delet tft 


RE st A eee: > 


pel 


Aelia 
fet TE 
Re SiS Ase 44 


2 


Figure 3.10: The Plot of the General Tank Test Data for 
Trim = 7-deg from NACA Tec. Note No. 681. 
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Figure 3.12: Typical SSneeee <Sutinaey Chart of the General 
Tank Test Data taken from NACA Tech Note No. 1182. 
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A - Main towing gate (free vertically) 

B - Strut bearings attached to frame (A) 

C - Model support tube (free to rotate about vertical axis) 
D - Heel Angle Adjustment 

E - Pivot points, model attachment (freedom in pitch) 
F - Trim scale on model 

G - Yaw angle indicator fastened to tube (C) 

H - Yaw angle scale fastened to (A) 

I - Torque arm pivoted at axis of (C) clamped to (G) 
J - Yaw Angle adjustment 

K - Spring restraining yaw 

L - Dashpot, Yaw Damper 


Figure 5.1: Diagrammatic Sketch of Apparatus for Yaw Tests (Taken 
from Pierson, Ref. 35a) 
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Figure 6.3: Typical Spray Formation for a Prismatic Planing Surface (8 
= 20 deg, t = 8 deg, Cv = 4.00) Taken from Savitsky and Breslin, 1958, 
Ref. 68. 
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Figure 6.4: Graphical Representation of Spray Components (Taken from 
Savitsky and Breslin, 1958, Ref. 68) 
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Figure 6.5: Vertical Measurements of Intact Spray Blister Apex 
(Savitsky and Breslin, 1958, Ref. 68) 


VARIATION OF LATERAL POSITION OF MAXIMUM SPRAY HEIGHT 
WITH TRIM AND DEADRISE 


(MAXIMUM LATERAL POSITIONS TAKEN FROM FIGURE 12) 
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Figure 6.6: Lateral Measurements of Intact Spray Blister Apex (Taken 
from Savitsky and Breslin, 1958, Ref. 68) 
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Figure 6.7: Velocity Components for Swept-Back Wing (Taken from 
Savitsky and Morabito, 2010, Ref. 112) 
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Figure 6.8: Velocity Components for Planing Hull (Taken from Savitsky 
and Morabito, 2010, Ref. 112) 
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Figure 6.9: Two-Dimensional Flow Planes Normal to Stagnation Line 
(Taken from Savitsky and Breslin, 1958, Ref. 68) 
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Figure 6.10: Spray Trajectories versus Location of Leading Edge of Flat 
Plate Relative to Level Water Surface (Taken from Savitsky and Breslin, 
1958, Ref. 68) 
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Vn is perpendicular to Vs, has a constant magnitude and varying 
direction and is in plane B 


Vs is velocity along stagnation line, has a constant magnitude 
and direction, and is in plane A 


V is planing velocity = vector sum of Vn + Vs 


Figure 6.11: Illustration of Combination of Vn and Vs to Form Main 


Spray Blister at Chine (Taken from Savitsky and Morabito, 2010, Ref. 
112) 
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Figure 6.12: Orientations of Stagnation Line and 2-D Reference Planes 
Normal to Stagnation Line (Taken from Savitsky and Morabito, 2010, Ref. 
112) 
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Figure 6.13: Formation of Whisker Spray (Angle of Incidence = Angle of 
Reflection) (Taken from Savitsky and Morabito, 2010, Ref. 112) 
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Figure 6.14: Development of Vertical Component of Spray Velocity (Taken 
from Savitsky and Morabito, 2010, Ref. 112) 
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Figure 6.15: Maximum Value of Spray Height as a function of Deadrise 
and Trim Angle (Solid Lines Indicate Predicted Results) (Taken from 
Savitsky and Morabito, 2010, Ref. 112) 
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Figure 6.16: Longitudinal and Transverse Location of Maximum Height of 
Main Spray (Taken from Savitsky and Morabito, 2010, Ref. 112) 
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Figure 6.17: Plots of Longitudinal (X) and Transverse (Y) Location of 
Maximum Height of Main Spray (Solid Lines Indicate Predicted Results) 
(Taken from Savitsky and Morabito, 2010, Ref. 112) 
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Figure 6.18: Comparison between Calculated spray patterns generated by 


10 and 30 degr deadrise hulls at Cv = 4.0 and trim = 4 degrees (Taken 
from Morabito, 2010, Ref. 78) 
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Figure 6.19: Comparison between Observed spray patterns generated by 10 


and 30 degr deadrise hulls at Cv = 4.0 and trim = 4 degrees (Taken 


from Morabito, 2010, Ref. 78) 
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Figure 7.1: Seaplane at Instant of Entry to Water. Taken 
from Stanley, 1947, Ref. 50. 
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Figure 7.2: Trajectory of the Step Point and Reaction During 
Impact Period. Taken from Stanley, 1947, Ref. 50. 
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Figure 7.3: Half Cylinder of Water the Mass of Which is Added to 
the Mass of the Wedge in Impact. 
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Instantaneous Position of Float During Impact 


(Taken from Stanley, 1947, Ref. 50) 
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Figure 7.13: Peak Pressures across Several Typical Sections of Flying 
Boats (Taken from Jones, 1938, Ref. 45) 
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Figure 7.17: Geometric Relations During a Landing 
(Smiley, 1951, Ref. 80) 
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Figure 7.18: Velocity Components for Swept Back Wing 
(Taken from Savitsky and Morabito, 2010, Ref. 112) 
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Figure 7.19: Velocity Components for Planing Hull 
(Taken from Savitsky and Morabito, 2010, Ref. 112) 
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Two-Dimensional flow for the Impact of a Wedge on a Smooth Water 
Surface. Transverse Section of Wedge. Applicable in Spray Root 
Region. 


SE 


Pressure distribution 


Two-Dimensional Flow about a Planing Flat Plate. Longitudinal section 
of plate. Applicable along Centerline of Planing Surface. 


Two-Dimensional Separated Flow about a Submerged Wedge. Transverse 
Section of Wedge. Applicable aft of the Spray Root Region. 


Figure 7.20: Three Distinct Flow Regimes from Smiley’s Empirical 
Approach (Taken from Smiley, 1951, Ref. 81) 
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Figure 7.21: Longitudinal Pressure Distribution for Varying 
Maximum Pressure (Taken from Morabito, 2010, Ref. 78) 
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(Taken from Morabito, 2010, 


Figure 7.22: Pressure Reduction at Transom 


Ref. 78) 
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Figure 7.23: Ratio of transverse pressure to centerline pressur 


versus Distance off Centerline for Deadrise angles of 0 - 40 
(Taken from Morabito, 2010, Ref. 78) 
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Figure 7.24: Effect of Trim on Fully Planing Pressure Distribution (B= 
20; A = 3; Cy=14) (Taken from Morabito, 2010, Ref. 78) 
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Figure 7.25: Effect of Deadrise on Fully Planing Pressure Distribution 
(t = 12; A = 3; Cy=14) (Taken from Morabito, 2010, Ref. 78) 
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Effect of C, on Pressure Distribution 


(Taken from Morabito, 2010, Ref. 78) 
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Figure 7.27: Effect of Wetted Length on Pressure Distribution 
(B=20; t = 12; C, = 14) (Taken from Morabito, 2010, Ref. 78) 
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Figure 7.30: Typical Record of Irregular Sea and 
Definitions of Apparent Wave Heights and Periods (Taken 
from Savitsky and Koelbel, 1993, Ref. 113) 


Figure 7.31: A Sum of Many Simple Sine Waves Makes a Sea 
(Taken from Savitsky and Koelbel, 1993, Ref. 113) 
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Figure 7.33: 


Idealized Typical Energy Spectrum 
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Figure 8.1 
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Figure 9.1: Typical High Lift Configurations (NASA) 
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Figure 9.3: Effect of Various Flap Types on NACA 230-Series Airfoils 
(taken from Goranson, 1944, Ref. 121) 
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Figure 9.4: Float Test Model Particulars (Liddell,1942) 
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Figure 10.1: Difference between Stability Derivatives (Taken 
from Davidson and Locke, Ref. 26) 
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Figure 10.2: Geometry of Wetted Area of Planing Surface (Taken from 
Savitsky, 1964, Ref. 105) 
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Figure 10.4: Lift Coefficient - a Flat Planing Surface (Taken 
from Savitsky, 1964, Ref. 105) 
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Figure 10.5: Reduction in Bottom Velocity Due to Lift (Taken from 
Savitsky, 1964, Ref. 105) 
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gure 10.6: Hydrodynamic Forces acting on Planing Hull (Taken from 
Savitsky, 1964, Ref. 105) 
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Figure 10.7: Variation of Theoretical and Experimental Lift 
Coefficients (Taken from Pierson, 1954, Ref. 106) 
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Figure 10.8: Vee-Step Planing Surfaces (Taken from Savitsky, 1951, Ref. 
107) 
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Figure 10.9: Diagram of 


(Taken from Hugli and Axt, 


Two-Step Planing 
1949, Ref. 108) 
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Figure 10.10: Centerline Wake Profile Equation (Taken from Korvin- 
Kroukovsky, Savitsky and Lehman, 1949, Ref. 109) 


Figure 10.11: Three-Dimensional Forebody Wake from Equations of 
Morabito, 2005 Figure Prepared by Rick Neff (Taken from Savitsky and 
Morabito, 2010, Ref. 110) 
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Gentlemen, my presentation this afternoon will be concerned with two 
related subjects. The first will deal with two special. areas of hydrodynamic 
applications which may be of potential interest to the Navy, namely, water~ 
based aircraft and hydrofoil craft. The second subject will be the graduate 
curriculum in Fluid Dynamics at the Stevens Institute of Technolegy and how 
this graduate work is applicable to the hydredynamic interests of the Navy. 

I should like to tell you why in this age of space technology the 
Navy is thinking about such relatively slow machines as water-based aircraft 
and hydrofoil craft and I shall explain why the people at Stevens qualify 
to discuss such Naval matters, I'l] go into these items in detail this 
afterncon -- but for the moment I'd like to summarise a reply to these hypo- 
thetical questions and in doing so perhaps set the stage for what is to 
follow. 

Our Naval operations are now and, undoubtedly for many years will be, 
predominantly water based. I'm sure that most of you will agrea that it 
will be a long time before we'll be able to substitute rocketry and space 
machines to do the many diverse jobs the Navy is constantly called upon to 
perform. Consequently the numerous hydrodynamic problems associated with | 
water-based operation will, continue to be pressing upon the Navy for their 
solution, Now, how does the Stevens Institute of Technology fit into this 
picture? Primarily because Stevens is not only a scientific educational 
institution but also because it is thoroughly convinced that research is 
a most necessary compliment to the process of higher education. In this 


connection we have, for over 25 years, worked closely with the Bureau of 


Ne55h, 
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Aeronautics, Bureau of Ships, Bureau of Ordnance, and many other navy 
contractors in active developmental programs and in basic research studies 
in the field of hydrodynamics, In addition, for the past 10-12 years, the 
Naval Postgraduate School has always sent from one to ‘two: third«year 
students to Stevens to study for the degree of Master of Science in Fluid 
Dynamics, The specialised interest of these students was in the field of 
water-based aircraft and in this regard they were given free reign to obe 
serve and, if they desired, to work with our engineers and scientists and 
company representatives on the various seaplane hydrodynamic program that 
were underway. , 

Now let's get back to the first objective of this presentation -- 
water-based aircraft and hydrofoil craft «- two of the less spectacular 
areas but nevertheless of continuing importance to the Navy. I would like 
to discuss with you some of the more recent technical developments in these 
areas and indicate the current thinking as regards the projected operational 
utilisation of these vehicles. My aim is to attempt to arouse your curios« 
ity and interest in these important hydrodynamic areas so that in conten 
plating your future educational plans you will give consideration to 
studying in these fields. 


WATER=BASED AIRCRAFT 

From the earliest days in powered flight there has always been 
controversy concerning the method of basing aircraft. As these early air- 
craft designe grew in size and speed they soon outgrew the sixple, flat, 
grassy field airports available then and consequently it was only natural 
that airplanes be designed for water-based operation where there was 
practically no limit on the length of take-off or landing run nor was there 
any limit on the landing loads imparted to this fluid rmway. I'm sure 
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that you've all seen, in the aviation archives, pictures of the many water- 
based aircraft operational in the early 1930's, As a matter of fact, dure 
ing the days of the Schneider Cup races in 1930, seaplanes held the world's 
speed record. While the seaplane was enjoying its supremacy, the landplane 
advocates were busy lengthening and strengthening runways, and aerodyname 
feally "cleaning" up their airplanes. With the introduction of the canti- 

lever wing and the retractable landing gear, the aerodynamic performance 
of the landplane easily surpassed that of its water-based cousin and, as 

a result, in the late 30's and early 40's, water~based aircraft assumed a 
very secondary role in the aviation world. We might ask, why the seaplane 
wasn't able to benefit equally from these aerodynamic advances. Among 
other reasons, the most important one was that the seaplane was required 
to maintain a certain minimum propeller clearance above the water surface, 
This was a most serious restriction in that relatively deep huils develop- 
ing large serodynamic drag were required to provide this clearance, Al- 
though tied to a millstone, which made the seaplane bow to the landplane 
in aerodynamic performance, the seaplane hydrodynamicist, far from being 
dismayed, vigorously pursued hydrodynamic research which led to major 
improvements in hull design and in auxiliary landing devices such as 
hydroskis and hydrofoils. During the 40's and early 50's the extensive 
research efforts of Buder, NACA, navy contractors and universities such 

as Stevens Institute of Technology led to important developments in the 
hydrodynamics of water-based aircraft. I would like to quickly review 

for you some of the more significant of these hydrodynamic developments, 
le High Length-Beam Hulls 

From its earliest development up until almost the end of World 

War IT, the seaplane was literally a "flying-boat", and was typified by 
a short, broad-beamed lightly loaded hull. In fact, the length=bean 


ratios of these hulls was never greater than 6, This hull form was quite 
acceptable as long as a low speed seaplane was desired to operate in rela- 
tively sheltered water conditions. The model of the JRF I have here is 
the classical length-beam ratio 6, lightly loaded seaplane. With the 
developnent of more efficient power plants, seaplane speeds increased, 
Concurrently, the seaplane was required to operate successfully from open 
sea conditions of increasing severity, It was soon found that the short 
Length-beam ratio hull was completely unsatisfactory for high speed, rough 
water operation since this hull encountered problems such as high resist~ 
ance, porpoising instability, heavy spray in the propellers, and large 
impact loads in landing and take-off, 

In the middle 0's, new type hull forms were developed which showed 
marked aerodynamic and hydrodynamic improvement over the more conventional 
hull forms. These developments consisted mainly in drawing out the broad, 
short conventional hulls into leng, thin bodies which are the soucalled 
high length~beam ratio hulls. Whereas formerly, length«beam ratios of 6 
were never exceeded, now ratios up to 15 are not unusual, Now what was 
accomplished by this new hull forn: 

a» First, there was no improvement in the hydrodynamic resistance, 
as a matter of fact, if anything, the resistance was increased slightly. 
But, with the large powers available, this resistance increase was easily 
overcome. 

be Second, the more streamline forms of the high~length beam ratio 
hull had minimm aerodynamic drag coefficients which were only 65% of those 
of the length-beam ratio 6 series. 

C. Third, for the same initial landing conditions in a given seaway, 
the hydrodynamic impact loads on the high length beam ratio hull are re« 
duced to about 75% of those for the length-beam ratio 6 hull, 
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d. The bow spray generated by the long-narrow forebody of a high 
length-beam ratio huli is usually well ahead and clear of such exposed 
airplane externals as propellers, engines, flaps, wings, etc. With the 
conventional length-beam ratio 6 hull, the vulnerable areas of the air- 
eraft are much closer to the bow and hence are subjected to more spray 
damage, Actually, full scale teste of the M-~270, which was an experi- 
mental test bed of length-beam ratio 13, proved that the water spray 
characteristics of this aircraft at 120,000 lb. were as satisfactory as 
the same airframe fitted with an older hull and operated at 80,000 lb. 
The principle of the high length-beam ratio hull design were first 
embodied in the Convair R3Y "Tradewind" design, a 125,000 lb. seaplane. 


2e Long Afterbody Hull 
The high length-beam ratio concept of hull design was further modi- 


fied to improve its hydrodynamic performance by the introduction of the 
so-called long afterbody. The long afterbody was a natural development 

since it merely involved extending the afterbody aft to eliminate the tail 

cone. The major benefit achieved with the long afterbody was to reduce the : 
motions and impact loads in rough water landings. Because of the long m= 

ment arm provided by the afterbody, the trim motions of the seaplane are 
significantly decreased and consequently reduced the tendency of the sea-~ 

plane to be thrown up into a stalled attitude which usually leads to the 


most severe impact accelerations, 


3¢ Other Hull Improvements 
In addition to these major changes in hull proportions other import~ 


ant changes included. 
1. Step Refinements - which eliminated the deep, transverse steps 
and replaced them with rather shallow, vee-planform steps, thus resulting 


in a reduced aerodynamic hull drag. 
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2e Low Chine Bow: -In further attempts to improve the aerodynamics 
of the hull, research was directed at reducing the large upsweep which 
existed in the bow areas of conventional hulls. This led to the develop- 
ment of the low chine bow which controls the spray in smooth and rough water 


but still keeps the bow chine lines aligned with the flight attitudes. 


Al1 the above hull improvements were incorporated into the design of 
the Martin PSM seaplane shown here (hold up model and point out various 
features). Many years of flight operation with this seaplane have shown 
this aircraft to have outstanding hydrodynamic qualities. Unfortunately, 
this propeller driven seaplane required a deep hull to maintain sufficient 
propeller spray clearances and consequently was penalized by having rela 
tively large aerodynamic drag relative to an equivalent landplane. 

The advent of jet engines removed this last relative deficiency of 
water-based aircraft as compared with equivalent landbased aircraft. The 
elimination of the propeller has allowed the wings to be located closer 
to the water and as a consequence three notable aerodynamic design improve- 
ments were achieved, One is that the depth of hull has been decreased 
with the attendant decrease in frontal area and reduction in aerodynamic 
drag. The second is that the wing tips are closer to the water surface 
and hence reduce the height ef struts and bracing required for support of 
the wing tip floats. Finally, the lowered wings could now operate in an 
advantageous ground effect -~ something that the landplane has enjoyed for 
a long time. The Martin P6M Seamaster (hold up model) embodies the results 
ef ail this systematic research on improved hull forms, The P6M is a 
170,000 1b., mlti-jet seaplane, having high speed performance at low alti- 
. tude with extended range. 

It is not to be inferred now that all is known about the hydrodynamics 


of seaplane design and we're to coast from here on in. Present trends in 
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aircraft design point to increasing take-off densities approaching almost 

30 lb./ousfte This increase in density will make the hull sit deeper in 

the water and hence make the spray problem more important than before. 

For instance, the preblem of jet air supply will become critical and may 

require jet inlet positions that are protected from the spray by alternate 

air supplies. Spray interference with wings and flaps is also a serious 

problem -- both structurally and resistance-wise, Although much has been 

learned about the source and control of spray over the past years, it is 

a problem that is still far from solved -= and hence must be pursued vigor 

ously over the coming years. 

It may be that the hull itself will reach a limit of operation in 

even a mild sea. Hence concurrent with the hv] developments, a signifi-~ 

cant research effort has been directed towards the use of auxiliary alight- 

ing and take-off gear such as hydroskis and hydrofoils. These auxiliary 

devices are intended to lift the hull clear of the water at relatively low 

speeds so that for the higher speed end of the take-off or landing runout 

only the relatively small areas presented by the skis and hydrofolls are 


in contact with the water, 


Hydroski 
Slide 12 shows a typical hydroski. installation on the PBM seaplane. 


The hydroski is a short, narrow beam highly loaded planing surface, 
attached by a suitable strut arrangement, to the bottom of a hull. The 
primary advantage of the hydroski is that it can absorb a large amount of 
the aircraft landing energy at reduced acceleration before the main body 
of the hull contacts the water surface. Model test data have indicated 
almost a 60% reduction in rough water impact accelerations when a hydro~ 
ski is substituted for a conventional hull. Further, the hydroski concen» 


trates the longitudinal travel of the resultant impact force relative to 


the C.G. to a short distance corresponding to the length of the hydroski and 
consequently significantly reduces the pitching accelerations that the sea- 
plane will be subjected to. In the case of the hull, for low trim landings, 
the impact force can travel almost the entire length of the hull and hence 
produce excessive pitching accelerations. 

The disadvantage of the hydroski is the fact that its drag/lift ratio 
at unporting speed is much higher than that of a hull (Slide 2). With the 
large engine thrusts available today this excessive drag may not be a seri- 
out problem. Nevertheless research is continuing in reducing the large 
wnporting drag associated with the hydroski, It has been established that 
the excessive drag of the ski is due partly to the poor lift drag ratio of 
the ski itself and partly to the hydroski unporting spray which causes 
serious spray drag in impinging on the fuselage, wings, etc. Insofar as 
the unporting spray is concerned, Stevens Institute of Technology has 
developed a ski leading edge slot which resulted in marked reductions of 
the unporting spray. Slide 3 shows the spray suppression possible with a 
leading edge slot. This slot was installed on the hydroski for the PBM-5 
seaplane and was found to markedly reduwe the unporting spray and overell 
take-off resistance of this aircraft. 

Aetually the hydroski has been successfully applied to a number of 
aircraft including the Convair F2Y, which had both a twin and single hydro- 
ski alighting system; the Edo modified JRF, also on both twin and single 
hydroski systems; and on the PEM which you have seen in one of our last 
slides, The hydroski is no longer considered to be a hydrodynamic curie- 
osity. With the extensive background of beth laboratory and full scale 
experience a satisfactory hydroski installation can be easily designed 
for any intended application. 
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In addition to the hydroski developments a considerable amount of 
research has been devoted to the application of hydrofoils as seaplane 
take-off and alighting systems. Hydrofoils are, of course, airfoils work- 
ing in a fluid whose density is 800 times that of air and consequently 
require only 1/800 of the airfoil area to support a given load. ‘Two hydro- 
foil applications to water-—based aircraft are shown in the next two slides 
showing a JRF fitted with hydrofoils. Slide lh is the JRF on a Grumman 
designed hydrofoil system which is the so-called "conventional" sys tex. 
(describe various features shown on slide) Slide 5 is the Grunberg 
‘hydrofoil system applied to the JRF. This is a joint NASA and Edo developed 
hydrofeil application of the Grunberg foil system which combines a main 
hydrofoil element aft of the C.G. and two planirg surfaces ahead of the bow 
for stabilization during unporting. When the aircraft becomes foilborne 
the forward planing surfaces are out of the water and trim control is pro- 
vided through the aerodynamic surfaces, Because this is the first prote~ 
type application of a foil system to aircraft, the awkward looking Grunberg 
system was selected because of its inherent safety. This system has been 
extensively tested and the Edo Corporation is currently under contract with 
Buder to install this system on the prototype JRF. 

Two of the more significant advantages of hydrofoil alighting gear 
are (a) its lift drag ratio is better than that of a planing hydroski or 
hull and (b) its landing impact characteristics are better than that of 
the hydroski, This second point cat be demonstrated by noting that hydro- 
foil area is distributed in a vertical plane close to the C.G. whereas the 
hydroski wetted area is distributed in a horisontal plane ahead of the 
C.G_ Henee with increasing penetration through the water surface during 
a landing impact the resultant force on the hydrofoil is maintained in 


a fixed position relative to the C.C. and consequently results in less 
pitch-up moments than are experienced by a hydroski which allows the impact 
force to travel longitudinally and develop appreciable pitching moments. 
The vertical distribution of area in a hydrofoil system results in an addi- 
tional advantage in that by proper vertical taper and twist distribution 
we can design a foil element which will not rebound on landing =~ this is 
most significant in that for normal seaplane landing the largest forces 
and moments occur after the first contact. | 

Overall, hydrofoils show a great deal ef promize in improving the 
hydrodynamic performance of water-based aircraft «- particularly with the 
development of super-cavitating hydrofoils, which I shall say more about 
later this afternoon. 


STOL and VIOL Applications 

In addition to these purely hydrodynamic improvements, the possi-~- 
bility of STOL and VTOL application to water-based aircraft is being con- 
sidered. If one single parameter can be isolated as being the most serious 
obstacle to achieving good hydrodynamic performance ~~ that parameter is 
high landing and take-off speeds. I think the complexity of a hydrodynamic 
design increases exponentially with increasing speed. Hence it behooves 
the seaplane designer to keep a close watch on developments in the STOL and 
VTOL areas. Slide 6 shows a Buder design for a rotatable wing-engine con- 
figuration. This is approximately an 680,000 lb. seaplane having a stall 
speed of 35 knots. Tank tests of this model showed excellent hydrodynamic 
characteristics in seas up to 12 feet high. Slide 7 is a three-view of « 
Kaman design showing a JRF with rotatable engines and large diameter pro~ 
pellers, This configuration is being designed under Buder contract. 

In the VTOL area, helicopter designs are being provided with truly 
water-based alighting gear. Slide 8 is a phote of the HUP~2 with 
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hydrodynamic alighting gear. This configuration was designed by Edo under 

Buder contract. A flight test program was most successfully completed at 

the Naval Air Test Center in Pautuxent, Maryland. A consequence of this 

activity is that the HSS-2 and S62 helicopters Inve vee«bottom hulls and 

streamline sponsons. (see Slide 9) | 

A most novel water basing gear for helicopters has been conceived by 

Mr. Es H. Handler of BuAer. This is a rotatable float system (shown on 

Slide 10) which is currentiy being designed for a one-man helicopter by 

the Gyrodyne Co, of America. In flight the fleats are horizontal, while 

for water-based operation they are rotated to a vertical position. The 

vertical floats are fairly insensitive to wave action because of their smell 

change of displacement to change of draft. Consequently such a configura~- 

tion can remain on the surface of a rough sea for a long time with no 

appreciable discomfort to the pilet. 


APPLICATIONS TO VARIOUS SEAPLANE CONFIGURATIONS 

I think it ia clear now that a very serious research effort is being 
maintained in constantly developing the hydrodynamic and aerodynamic pro« 
ficiency of water-based aircraft forms. A large library of basic data has 
been collected which has added immeasurably to our understanding of the 
fundamental hydrodynamic behavior of seaplanes, As a matter of fact, you 
might say that research is far ahead of the preset applications and as a 
result there is a good deal of confidence in providing acceptable designs 
for whatever seaplane missions the Navy may envision. ‘Fer several years 
now Buder, NASA, and various navy contractors have been projecting seaplane 
designs into the future. Many specific configurations have been evolved 
and thoroughly tested hydrodynamically and aerodynamically in towing tanks 
and wind tunnels. For the high performance breed of seaplanes the aero«- 


dynamics of the airplane were not compromised to achieve good hydrodynamic 
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performance, Indeed we can truly say for the first time that an aircraft 
need not be penalized if it is to be water-based. Let us look at some of 
the water-based configurations which have or are being considered at the 
moment. 


Slide 11: A 180,000-1b., Mach No. = 2.5 
Thrust = 100,00 1b. 


Slide 12: A 180,000 lb., Mach No. le 
Thrust = 90,000 lb. 


Slide 13: A 180,000 lb., Mach 2 
Rotatable wing and fuselage 


Slide 1h: Convair XF2Y on a small highly loaded ski. 
Concerning the F2Y Sea Dart, the airplane was originally fitted with ree 
tractable twin skis about 7) sq.fte in area, As ski development progressed, 
it was found that a much smaller ski could be used on this airplane, A ski 
having an area of 12.8 aq. ft. (1/6 the original area) was finelly installed 
on the F2Y at a weight saving of almost 1700 lb. ull scale tests of this 
configuration showed excellent hydrodynamic qualities in smooth water. 
The knowledge derived from this program can be usefully applied to any 
high performance seaplane large or small. In fact, as a result of the Fey 
program a small ski of dimensions 10 ft. long and 21/2 ft. wide is being - 
installed on the PBM seaplane you saw previously. This ski is exactly 
1/, of the area of the original ski and model tests at Stevens have shown 
good hydrodynamic qualities. This small ski PBM shovld be ready for flight 
testing in the Fall, 

Slide 15. Getting away from the high performance seaplane for a 
moment, the Navy is also interested in developing so-called "iniversal 
Landing Gear" show on this slide, This gear permits a conventional air- 
piane to operate from all sorts of unprepared areas, including fields, 
swamps, tundra, snow, ice, and water. I have a short movie of an "Ottert 
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operating from some unlikely spots which we shall see later. The feasibility 
of installing a universal gear in a modern attack plane or fighter is cur+ 
rently being studied by All-American Engineering. . 
I'd now like to show you an omnibus movie containing short film clips 
of various water-based aircraft configurations in both full scale and model. 


tests. 


OPERATIONAL UTILIZATION OF WATER-BASED AIRCRAFT 

Since seaplanes and landplanes can now be designed to have equal sero- 
dynamic performance (specifically with regard to range, speed, altitude and 
payload) we are now in a position to select: one or the other solely on the 
basis of the specific weapon-system requirements. Al) three services, the 
Navy, Air Force and Army have been looking into the possible utilization of 
water-based aircraft, Their thinking can best be summarised by examining 
the conclusions from a 1957 report prepared by an Ad Hoc Committee appointed 
by the Assistant Secretary of Defense -~- Research and Development <- to 


investigate water-based aircraft capabilities. 


Technical and Operational Aspects 
1. Open Sea Operating Areas 


The use of water-based aircraft depends upon the availability of 
suitable water areas. Hydrographic Office analysis of prevailing conditions 
in representative open~sea areas reveals that sea state 3, or less, prevails 
at least 80% of the time, and in certain specific areas such conditions 
prevail over 95% of the time. Where there are temporary conditions in ex= 
cess of sea state 3, suitable conditions can normally be found within 500 
miles of that area almost the whole year round. Hydrographic studies of 
open-sea conditions are continuing at an accelerated pace and should pro- 
vide us with an extensive knowledge of the environmental conditions for 


water-based aircraft, 
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2. Logistic Support of Water-Based Aircraft 
The employment of water-based aircraft systems contemplates the use 


of supporting elements such as tenders, submarines, and other water-based 
aircraft. Before the optimum employment of these elenents can be deter- 
mined, a further cperational evaluation is required predicated on the 
principle of freely exploiting the mobility and operational readiness of 
‘the systens in order to minimise support and basing requirements. in the 
forward areas, A squadron of PéM seaplanes is being established at the 
Naval Air Station, Harvey Point, NoC. to assist in such evaluations, 


3- Reliability and Meintainability 


The trend toward keeping aireraft in the water for extended periods 
of time will intensify the need for proper design and strict compliance 
with preventive maintenance procedures. These practices will be Tellowd 
in the operations of the POM squadron at N.C. 


The concept of employing water-based aircraft in an attack role has 
considerable merit. A great determent would be enhodied in a force of 
medium range, high-performance, water-based aircraft exploiting the prin-~ 
ciple of mobility and dispersal ty using the monerous operating areas 
evound Europe and Agia, with a miniowe of supporting elemente. This con- 
cept hay becom of increasing importance in the near future due to advances 
in passive sonar detection which seem to indicate that the noises associ~ 
sted with a large carrier task force can be detected over a range of 
Several hundred wiles, Such 4 development may seriously weaken the often 
heard argusent concerning the motility and associated lack of vulnerability 
of the carrier task force. | 
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2. Logistic Transport 
The Army and Marines have expressed a firm requirement for a large 


water~based logistic transport to provide strategic and operational mobil- 
ity and flexibility which is basic to its mission «— especially in the 
post 1960 period. Land=based systems do not meet these requirements to a 
satisfactory degree. In anticipation of such an aircraft, the Army is 
completing an intensive program to investigate the utilisation of airlift 
cargos with a minimum of handling problems, 

In addition 2 seaplane of this type is being considered to operate 
with the new fleet ballistic submarines az a means for resupply while the 
submarine remains "on station" for extended periods of time, After their 
rendezvous, the seaplane and submrine go their respective ways and their 
base is dissolved into the vastness of the sea, The feasibility of. such 
@ seaplane-submarine team has been demonstrated by recent full scale ex« 
ercises involving the P5M seaplane and the Guavina submarine. 

The Martin Co. has completed a design study on a 500,000 lb. seaplane 
which is called the Sea Mistress. This aircraft which is approximately 
tarice the physical sise of the P6M has undergone extensive wind tunnel 
and towing tank model tests and was found to be extremely satisfactory in 
all operational characteristics, By the very nature of its large sise, 
this aircraft can easily negotiate sea state |; or 5 seas. 


3e Anti-Submarine Warfare 


The concept of the Navy's developmental program for an anti-submarine 
warfare seaplane system stresses characteristics which will permit opera- 
tion in sea state 5. Such a vehicle embracing advanced hydrodynamic and 
aerodynamic features with advanced sonar developments should provide a 


weapon system capable for combating the thrust of the enemy's submarines, 
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In regard to ASW work, the Navy has recently awarded Martin a con- 

tract to modernize the detection equipment in the P5M. Also study contracte 

with Martin and Convair are being considered to develop an ASW seaplane 

based on the latest developments in STOL and VTOL systems. In 1961 it is 

expected that a design competition will be announced for a sea state 5 

ASW seaplane, 


he Nuclear Powered Water-Based Aircraft 

_ ‘The application of miclear power to water-based aircraft is extremely 
attractive. This stems from the necessity for a nuclear powered craft to 
carry heave shielding material to protect the craft and crew from radic- 
activity. It has been estimated in some quarters, that the minimum all-up 
weight of an aircraft designed for atomic propulsion will be in excess of 
400,000 lb. Because the fuel consumption of an atomic airplane is neglig- 
ible, the landing weight of such an aircraft will be essentially the sam 
as the take-off weight. It is conceivable that land-based aireraft of 
this weight would severely tex the strength and lengths (of most existing 
runways. On the other hand seaplanes can utilise water runways of une. 
limited length which have no known weight absorption ceiling and are 
indestructible, 

Additional merite of a water-based aircraft for the initial develop- 
nent of ANP are based on the added safety that can be realized by operating 
from and over water areas. An experimental nuclear-powered water-based 
aircraft would operate away from populated areas with an unlimited landing 
area in event of aborted take-off or other emergency and located close to 
a heat sink in case reactor runaway resulted in overheating. 

At the present tims, the Buder is sponsoring hydrodynamic model tests 
at NASA to determine the characteristics of the Saunders Roe seaplane design 
"Princess" in a overload condition up to 00,000 lb. 


1931 Schneider Cup Winner - Supermarine S.6B 


Model: Grumman JRF-1 Goose 


High Length/Beam Hull 


Low Chine Bow Shallow Step Long Afterbody 


Model: Martin P5M Seaplane 


Model: Martin P6M Seamaster 


<IMAGE NOT AVAILABLE> 
Slide 2: Comparison of Lift/Drag ratio of Hull and Hydro- 
ski 


UNPORTING SPRAY CHARACTERISTICS 
T = 18° Cy = 4.32 
d/b=0.10 Planing 


PBM-5 Hydro=ski with Stevens Leading-Edge Slot 


Slide 3: Effect of Stevens Leading Edge Slot 


<IMAGE NOT AVAILABLE> 


Slide 4: Grumman JRF-5 with Grumman-Designed “Conventional” 
System 


Slide 5: Grumman JRF-5 with Grunberg Hydrofoil System 


Water Surface 


Slide 6: BuAer design for a 60,000 lb rotatable wing-engine 
configuration 


Dimensions in feet 


Slide 7: Kaman Rotatable Wing JRF 


Slide 8: HUP-2 Patuxent River Landing 
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FIGURE |. GENENAL ARRANGEMENT OF TILT FLOAT 
OSN-! HELICOPTER 


Slide 10: Rotatable Float System for Gyrodyne Helicopter 
(TR-881) 


<IMAGE NOT AVAILABLE> 


slide: Liz 180,000 1b; Mach. No. 2.5% Thrust. = 100,000 1b 


<IMAGE NOT AVAILABLE> 


Slide 12: 180,000 lb; Mach No. 1.4; Thrust = 90,000 lb 


<IMAGE NOT AVAILABLE> 


Slide 13: 180,000 lb; Mach No. 2.0; Rotatable Wing and 
Fuselage 


Slide 14: Convair XF2Y on a Small Highly Loaded Ski 


Slide 15: Universal Landing Gear 


APPENDIX 2 


CFR TITLE 14 — AIRWORTHINESS STANDARDS 


E 


SPECIFIC TO SEAPLANES 


Code of Federal Regulations 


Title 14: Aeronautics and Space 


Part 23 — Airworthiness Standards: Normal, Utility, Acrobatic and Commuter Category 
Airplanes 


Subpart B — Flight 
Ground and Water Handling Characteristics 


§ 23.231 Longitudinal stability and 
control. 


(b) A seaplane or amphibian may not have 
dangerous or uncontrollable porpoising 
characteristics at any normal operating speed 
on the water. 


§ 23.239 Spray characteristics. 


Spray may not dangerously obscure the vision 
of the pilots or damage the propellers or other 
parts of a seaplane or amphibian at any time 
during taxiing, takeoff, and landing. 


Subpart C — Structure 
Water Loads 
§ 23.521 Water load conditions. 


(a) The structure of seaplanes and amphibians 
must be designed for water loads developed 
during takeoff and landing with the seaplane in 
any attitude likely to occur in normal operation 
at appropriate forward and sinking velocities 
under the most severe sea conditions likely to 
be encountered. 


(b) Unless the applicant makes a rational 
analysis of the water loads, §§23.523 through 
23.537 apply. 


[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964, 
as amended by Amdt. 23-45, 58 FR 42160, 
Aug. 6, 1993; Amdt. 23-48, 61 FR 5147, Feb. 
9, 1996] 


§ 23.523 Design weights and center of 
gravity positions. 


(a) Design weights. The water load 
requirements must be met at each operating 
weight up to the design landing weight except 
that, for the takeoff condition prescribed in 
§23.531, the design water takeoff weight (the 
maximum weight for water taxi and takeoff run) 
must be used. 


(b) Center of gravity positions. The critical 
centers of gravity within the limits for which 
certification is requested must be considered 
to reach maximum design loads for each part 
of the seaplane structure. 


[Doc. No. 26269, 58 FR 42160, Aug. 6, 1993] 
§ 23.525 Application of loads. 


(a) Unless otherwise prescribed, the seaplane 
as a whole is assumed to be subjected to the 
loads corresponding to the load factors 
specified in §23.527. 


(b) In applying the loads resulting from the 
load factors prescribed in §23.527, the loads 
may be distributed over the hull or main float 
bottom (in order to avoid excessive local shear 
loads and bending moments at the location of 
water load application) using pressures not 
less than those prescribed in §23.533(c). 


(c) For twin float seaplanes, each float must be 
treated as an equivalent hull on a fictitious 
seaplane with a weight equal to one-half the 
weight of the twin float seaplane. 


(d) Except in the takeoff condition of §23.531, 
the aerodynamic lift on the seaplane during 
the impact is assumed to be2/3of the weight of 
the seaplane. 


[Doc. No. 26269, 58 FR 42161, Aug. 6, 1993; 
58 FR 51970, Oct. 5, 1993] 


§ 23.527 Hull and main float load 
factors. 


(a) Water reaction load factors nymust be 
computed in the following manner: 


(1) For the step landing case 


Cue 
[ Tan? g) Ww? 


i. = 


(2) For the bow and stern landing cases 


= C1Vs0. x K : 
(Tanta) Wr (1422) 


(b) The following values are used: 


(1) nw=water reaction load factor (that is, the 
water reaction divided by seaplane weight). 


(2) C,;=empirical seaplane operations factor 
equal to 0.012 (except that this factor may not 
be less than that necessary to obtain the 
minimum value of step load factor of 2.33). 


(3) Vso=seaplane stalling speed in knots with 
flaps extended in the appropriate landing 
position and with no slipstream effect. 


(4) B=Angle of dead rise at the longitudinal 
station at which the load factor is being 
determined in accordance with figure 1 of 
appendix | of this part. 


(5) W=seaplane landing weight in pounds. 


(6) K,=empirical hull station weighing factor, in 
accordance with figure 2 of appendix | of this 
part. 


(7) r,=ratio of distance, measured parallel to 
hull reference axis, from the center of gravity 
of the seaplane to the hull longitudinal station 
at which the load factor is being computed to 
the radius of gyration in pitch of the seaplane, 
the hull reference axis being a straight line, in 
the plane of symmetry, tangential to the keel at 
the main step. 


(c) For a twin float seaplane, because of the 
effect of flexibility of the attachment of the 
floats to the seaplane, the factor K1may be 
reduced at the bow and stern to 0.8 of the 
value shown in figure 2 of appendix | of this 
part. This reduction applies only to the design 
of the carrythrough and seaplane structure. 


[Doc. No. 26269, 58 FR 42161, Aug. 6, 1993; 
58 FR 51970, Oct. 5, 1993] 


§ 23.529 Hull and main float landing 
conditions. 


(a) Symmetrical step, bow, and stern landing. 
For symmetrical step, bow, and stern landings, 
the limit water reaction load factors are those 
computed under §23.527. In addition— 


(1) For symmetrical step landings, the resultant 
water load must be applied at the keel, through 
the center of gravity, and must be directed 
perpendicularly to the keel line; 


(2) For symmetrical bow landings, the resultant 
water load must be applied at the keel, one- 
fifth of the longitudinal distance from the bow 
to the step, and must be directed 
perpendicularly to the keel line; and 


(3) For symmetrical stern landings, the 
resultant water load must be applied at the 
keel, at a point 85 percent of the longitudinal 
distance from the step to the stern post, and 
must be directed perpendicularly to the keel 
line. 


(b) Unsymmetrical landing for hull and single 
float seaplanes. Unsymmetrical step, bow, and 
stern landing conditions must be investigated. 
In addition— 


(1) The loading for each condition consists of 
an upward component and a side component 
equal, respectively, to 0.75 and 0.25 tan B 
times the resultant load in the corresponding 
symmetrical landing condition; and 


(2) The point of application and direction of the 
upward component of the load is the same as 
that in the symmetrical condition, and the point 
of application of the side component is at the 
same longitudinal station as the upward 
component but is directed inward 
perpendicularly to the plane of symmetry at a 


point midway between the keel and chine 
lines. 


(c) Unsymmetrical landing; twin float 
seaplanes. The unsymmetrical loading 
consists of an upward load at the step of each 
float of 0.75 and a side load of 0.25 tan B at 
one float times the step landing load reached 
under §23.527. The side load is directed 
inboard, perpendicularly to the plane of 
symmetry midway between the keel and chine 
lines of the float, at the same longitudinal 
station as the upward load. 


[Doc. No. 26269, 58 FR 42161, Aug. 6, 1993] 


§ 23.531 Hull and main float takeoff 
condition. 


For the wing and its attachment to the hull or 
main float— 


(a) The aerodynamic wing lift is assumed to be 
zero; and 


(b) A downward inertia load, corresponding to 
a load factor computed from the following 
formula, must be applied: 


ene, 
[Tan?@) we 


Where— 
n=inertia load factor; 


Cyo=empirical seaplane operations factor 
equal to 0.004; 


Vs1=seaplane stalling speed (knots) at the 
design takeoff weight with the flaps 
extended in the appropriate takeoff position; 


B=angle of dead rise at the main step 
(degrees); and 


W=design water takeoff weight in pounds. 
[Doc. No. 26269, 58 FR 42161, Aug. 6, 1993] 


§ 23.533 Hull and main float bottom 
pressures. 


(a) General. The hull and main float structure, 
including frames and bulkheads, stringers, and 
bottom plating, must be designed under this 
section. 


(b) Local pressures. For the design of the 
bottom plating and stringers and their 
attachments to the supporting structure, the 
following pressure distributions must be 
applied: 


(1) For an unflared bottom, the pressure at the 
chine is 0.75 times the pressure at the keel, 
and the pressures between the keel and chine 
vary linearly, in accordance with figure 3 of 
appendix | of this part. The pressure at the 
keel (p.s.i.) is computed as follows: 


2 
_ & aK Vey 
Tan ff 


EK 


where— 
P,=pressure (p.s.i.) at the keel; 
C2=0.00213; 


K=hull station weighing factor, in 
accordance with figure 2 of appendix | of this 
part; 


Vs1=seaplane stalling speed (knots) at the 
design water takeoff weight with flaps 
extended in the appropriate takeoff position; 
and 


Bx=angle of dead rise at keel, in accordance 
with figure 1 of appendix | of this part. 


(2) For a flared bottom, the pressure at the 
beginning of the flare is the same as that for 
an unflared bottom, and the pressure between 
the chine and the beginning of the flare varies 
linearly, in accordance with figure 3 of 
appendix | of this part. The pressure 
distribution is the same as that prescribed in 
paragraph (b)(1) of this section for an unflared 
bottom except that the pressure at the chine is 
computed as follows: 


p. aR Va" 
“Tan 8 


where— 
P.,=pressure (p.s.i.) at the chine; 
C3=0.0016; 


K=hull station weighing factor, in 
accordance with figure 2 of appendix | of this 
part; 


Vs1=seaplane stalling speed (knots) at the 
design water takeoff weight with flaps 
extended in the appropriate takeoff position; 
and 


B=angle of dead rise at appropriate station. 


The area over which these pressures are 
applied must simulate pressures occurring 
during high localized impacts on the hull or 
float, but need not extend over an area that 
would induce critical stresses in the frames or 
in the overall structure. 


(c) Distributed pressures. For the design of the 
frames, keel, and chine structure, the following 
pressure distributions apply: 


(1) Symmetrical pressures are computed as 
follows: 


a 
= CEL V5 5 
Tan 


P 


where— 
P=pressure (p.s.i.); 


C,=0.078 C,(with C;computed under 
§23.527); 


K=hull station weighing factor, determined 
in accordance with figure 2 of appendix | of 
this part; 


Vso=seaplane stalling speed (knots) with 
landing flaps extended in the appropriate 
position and with no slipstream effect; and 


B=angle of dead rise at appropriate station. 


(2) The unsymmetrical pressure distribution 
consists of the pressures prescribed in 
paragraph (c)(1) of this section on one side of 
the hull or main float centerline and one-half of 
that pressure on the other side of the hull or 
main float centerline, in accordance with figure 
3 of appendix | of this part. 


(3) These pressures are uniform and must be 
applied simultaneously over the entire hull or 
main float bottom. The loads obtained must be 
carried into the sidewall structure of the hull 
proper, but need not be transmitted in a fore 
and aft direction as shear and bending loads. 


[Doc. No. 26269, 58 FR 42161, Aug. 6, 1993; 
58 FR 51970, Oct. 5, 1993] 


§ 23.535 Auxiliary float loads. 


(a) General. Auxiliary floats and their 
attachments and supporting structures must 
be designed for the conditions prescribed in 
this section. In the cases specified in 
paragraphs (b) through (e) of this section, the 
prescribed water loads may be distributed over 
the float bottom to avoid excessive local loads, 
using bottom pressures not less than those 
prescribed in paragraph (g) of this section. 


(b) Step loading. The resultant water load must 
be applied in the plane of symmetry of the float 
at a point three-fourths of the distance from the 
bow to the step and must be perpendicular to 
the keel. The resultant limit load is computed 
as follows, except that the value of L need not 
exceed three times the weight of the displaced 
water when the float is completely submerged: 


yard 
Le CoVeqg Wi 


Tan! a [1 oe ) 
where— 
L=limit load (Ibs.); 
Cs=0.0053; 


Vso=seaplane stalling speed (knots) with 
landing flaps extended in the appropriate 
position and with no slipstream effect; 


W=seaplane design landing weight in 
pounds; 


Bs=angle of dead rise at a station3/4of the 
distance from the bow to the step, but need 
not be less than 15 degrees; and 


ry=ratio of the lateral distance between the 
center of gravity and the plane of symmetry 
of the float to the radius of gyration in roll. 


(c) Bow loading. The resultant limit load must 
be applied in the plane of symmetry of the float 
at a point one-fourth of the distance from the 
bow to the step and must be perpendicular to 
the tangent to the keel line at that point. The 
magnitude of the resultant load is that 
specified in paragraph (b) of this section. 


(d) Unsymmetrical step loading. The resultant 
water load consists of a component equal to 
0.75 times the load specified in paragraph (a) 
of this section and a side component equal to 
0.025 tan B times the load specified in 
paragraph (b) of this section. The side load 
must be applied perpendicularly to the plane of 
symmetry of the float at a point midway 
between the keel and the chine. 


(e) Unsymmetrical bow loading. The resultant 
water load consists of a component equal to 
0.75 times the load specified in paragraph (b) 
of this section and a side component equal to 
0.25 tan B times the load specified in 
paragraph (c) of this section. The side load 
must be applied perpendicularly to the plane of 
symmetry at a point midway between the keel 
and the chine. 


(f) Immersed float condition. The resultant load 
must be applied at the centroid of the cross 
section of the float at a point one-third of the 
distance from the bow to the step. The limit 
load components are as follows: 


vertical = Po¥ 
af CHEV BV 50)" 
2 
side = CyPV? (EVs, is 
2 
where— 


P=mass density of water (slugs/ft.° ) 
V=volume of float (ft.° ); 

Cy=coefficient of drag force, equal to 0.133; 
C,=coefficient of side force, equal to 0.106; 


K=0.8, except that lower values may be 
used if it is shown that the floats are 
incapable of submerging at a speed of 0.8 
VsoiN normal operations; 


Vs0=seaplane stalling speed (knots) with 
landing flaps extended in the appropriate 
position and with no slipstream effect; and 


g=acceleration due to gravity (ft/sec? ). 


(g) Float bottom pressures. The float bottom 
pressures must be established under §23.533, 
except that the value of Kzin the formulae may 
be taken as 1.0. The angle of dead rise to be 
used in determining the float bottom pressures 
is set forth in paragraph (b) of this section. 


[Doc. No. 26269, 58 FR 42162, Aug. 6, 1993; 
58 FR 51970, Oct. 5, 1993] 


§ 23.537 Seawing loads. 


Seawing design loads must be based on 
applicable test data. 


[Doc. No. 26269, 58 FR 42163, Aug. 6, 1993] 
Subpart D — Design and Construction 
Floats and Hulls 

§ 23.751 Main float buoyancy. 

(a) Each main float must have— 


(1) A buoyancy of 80 percent in excess of the 
buoyancy required by that float to support its 
portion of the maximum weight of the 
seaplane or amphibian in fresh water; and 


(2) Enough watertight compartments to 
provide reasonable assurance that the 
seaplane or amphibian will stay afloat without 


capsizing if any two compartments of any main 
float are flooded. 


(b) Each main float must contain at least four 
watertight compartments approximately equal 
in volume. 


[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964, 
as amended by Amdt. 23-45, 58 FR 42165, 
Aug. 6, 1993] 


§ 23.753 Main float design. 


Each seaplane main float must meet the 
requirements of §23.521. 


[Doc. No. 26269, 58 FR 42165, Aug. 6, 1993] 
§ 23.755 Hulls. 


(a) The hull of a hull seaplane or amphibian of 
1,500 pounds or more maximum weight must 
have watertight compartments designed and 
arranged so that the hull auxiliary floats, and 
tires (if used), will keep the airplane afloat 
without capsizing in fresh water when— 


(1) For airplanes of 5,000 pounds or more 
maximum weight, any two adjacent 
compartments are flooded; and 


(2) For airplanes of 1,500 pounds up to, but 
not including, 5,000 pounds maximum weight, 
any single compartment is flooded. 


(b) Watertight doors in bulkheads may be used 
for communication between compartments. 


[Doc. No. 4080, 29 FR 17955, Dec. 18, 1964, 
as amended by Amdt. 23-45, 58 FR 42165, 
Aug. 6, 1993; Amdt. 23-48, 61 FR 5148, Feb. 
9, 1996] 


§ 23.757 Auxiliary floats. 


Auxiliary floats must be arranged so that, when 
completely submerged in fresh water, they 
provide a righting moment of at least 1.5 times 
the upsetting moment caused by the seaplane 
or amphibian being tilted. 


APPENDIX | — SAME AS PART 25 


Code of Federal Regulations 


Title 14: Aeronautics and Space 


Part 25 — Airworthiness Standards: Transport Category Airplanes 


Subpart B —- Flight 


Ground and Water Handling 
Characteristics 


§ 25.231 Longitudinal stability and 
control. 


(b) For seaplanes and amphibians, the most 
adverse water conditions safe for takeoff, 
taxiing, and landing, must be established. 


§ 25.237 Wind velocities. 


(b) For seaplanes and amphibians, the 
following applies: 


(1) A 90-degree cross component of wind 
velocity, up to which takeoff and landing is 
safe under all water conditions that may 
reasonably be expected in normal operation, 
must be established and must be at least 20 
knots or 0.2 VSRo, whichever is greater, 
except that it need not exceed 25 knots. 


(2) A wind velocity, for which taxiing is safe in 
any direction under all water conditions that 
may reasonably be expected in normal 
operation, must be established and must be at 
least 20 knots or 0.2 VSRO, whichever is 
greater, except that it need not exceed 25 
knots. 


[Amdt. 25—42, 43 FR 2322, Jan. 16, 1978, as 
amended by Amdt. 25-108, 67 FR 70827, Nov. 
26, 2002; Amdt. 25-121, 72 FR 44668, Aug. 8, 
2007] 


§ 25.239 Spray characteristics, control, 
and stability on water. 


(a) For seaplanes and amphibians, during 
takeoff, taxiing, and landing, and in the 
conditions set forth in paragraph (b) of this 
section, there may be no— 


(1) Spray characteristics that would impair the 
pilot's view, cause damage, or result in the 
taking in of an undue quantity of water; 


(2) Dangerously uncontrollable porpoising, 
bounding, or swinging tendency; or 


(3) Immersion of auxiliary floats or sponsons, 
wing tips, propeller blades, or other parts not 
designed to withstand the resulting water 
loads. 


(b) Compliance with the requirements of 
paragraph (a) of this section must be shown— 


(1) In water conditions, from smooth to the 
most adverse condition established in 
accordance with §25.231; 


(2) In wind and cross-wind velocities, water 
currents, and associated waves and swells 
that may reasonably be expected in operation 
on water; 


(3) At speeds that may reasonably be 
expected in operation on water; 


(4) With sudden failure of the critical engine at 
any time while on water; and 


(5) At each weight and center of gravity 
position, relevant to each operating condition, 
within the range of loading conditions for which 
certification is requested. 


(c) In the water conditions of paragraph (b) of 
this section, and in the corresponding wind 
conditions, the seaplane or amphibian must 
be able to drift for five minutes with engines 


inoperative, aided, if necessary, by a sea 
anchor. 


Subpart C — Structure 


Water Loads 
§ 25.521 General. 


(a) Seaplanes must be designed for the water 
loads developed during takeoff and landing, 
with the seaplane in any attitude likely to occur 
in normal operation, and at the appropriate 
forward and sinking velocities under the most 
severe sea conditions likely to be encountered. 


(b) Unless a more rational analysis of the 
water loads is made, or the standards in ANC— 
3 are used, §§25.523 through 25.537 apply. 


(c) The requirements of this section and 
§§25.523 through 25.537 apply also to 
amphibians. 


§ 25.523 Design weights and center of 
gravity positions. 


(a) Design weights. The water load 
requirements must be met at each operating 
weight up to the design landing weight except 
that, for the takeoff condition prescribed in 
§25.531, the design water takeoff weight (the 
maximum weight for water taxi and takeoff run) 
must be used. 


(b) Center of gravity positions. The critical 
centers of gravity within the limits for which 
certification is requested must be considered 
to reach maximum design loads for each part 
of the seaplane structure. 


[Doc. No. 5066, 29 FR 18291, Dec. 24, 1964, 
as amended by Amdt. 25-23, 35 FR 5673, 
Apr. 8, 1970] 


§ 25.525 Application of loads. 


(a) Unless otherwise prescribed, the seaplane 
as a whole is assumed to be subjected to the 
loads corresponding to the load factors 
specified in §25.527. 


(b) In applying the loads resulting from the 
load factors prescribed in §25.527, the loads 
may be distributed over the hull or main float 
bottom (in order to avoid excessive local shear 
loads and bending moments at the location of 
water load application) using pressures not 
less than those prescribed in §25.533(b). 


(c) For twin float seaplanes, each float must be 
treated as an equivalent hull on a fictitious 
seaplane with a weight equal to one-half the 
weight of the twin float seaplane. 


(d) Except in the takeoff condition of §25.531, 
the aerodynamic lift on the seaplane during 
the impact is assumed to be2/3o0f the weight of 
the seaplane. 


§ 25.527 Hull and main float load 
factors. 


(a) Water reaction load factors n Wmust be 
computed in the following manner: 


(1) For the step landing case 


CH 592 
[Tan? 8) Wwe 


iy = 


(2) For the bow and stern landing cases 


CF soe ae gy 
[Tan "e)W" [1+r,” ) 


(b) The following values are used: 


(1) n W=water reaction load factor (that is, the 
water reaction divided by seaplane weight). 


(2) C 1=empirical seaplane operations factor 
equal to 0.012 (except that this factor may not 
be less than that necessary to obtain the 
minimum value of step load factor of 2.33). 


(3) V SO=seaplane stalling speed in knots with 
flaps extended in the appropriate landing 
position and with no slipstream effect. 


(4) B=angle of dead rise at the longitudinal 
station at which the load factor is being 


determined in accordance with figure 1 of 
appendix B. 


(5) W= seaplane design landing weight in 
pounds. 


(6) K ,=empirical hull station weighing factor, in 
accordance with figure 2 of appendix B. 


(7) rx=ratio of distance, measured parallel to 
hull reference axis, from the center of gravity 
of the seaplane to the hull longitudinal station 
at which the load factor is being computed to 
the radius of gyration in pitch of the seaplane, 
the hull reference axis being a straight line, in 
the plane of symmetry, tangential to the keel at 
the main step. 


(c) For a twin float seaplane, because of the 
effect of flexibility of the attachment of the 
floats to the seaplane, the factor K 1may be 
reduced at the bow and stern to 0.8 of the 
value shown in figure 2 of appendix B. This 
reduction applies only to the design of the 
carrythrough and seaplane structure. 


[Doc. No. 5066, 29 FR 18291, Dec. 24, 1964, 
as amended by Amdt. 25-23, 35 FR 5673, 
Apr. 8, 1970] 


§ 25.529 Hull and main float landing 
conditions. 


(a) Symmetrical step, bow, and stern landing. 
For symmetrical step, bow, and stern landings, 
the limit water reaction load factors are those 
computed under §25.527. In addition— 


(1) For symmetrical step landings, the resultant 
water load must be applied at the keel, through 
the center of gravity, and must be directed 
perpendicularly to the keel line; 


(2) For symmetrical bow landings, the resultant 
water load must be applied at the keel, one- 
fifth of the longitudinal distance from the bow 
to the step, and must be directed 
perpendicularly to the keel line; and 


(3) For symmetrical stern landings, the 
resultant water load must be applied at the 
keel, at a point 85 percent of the longitudinal 
distance from the step to the stern post, and 
must be directed perpendicularly to the keel 
line. 


(b) Unsymmetrical landing for hull and single 
float seaplanes. Unsymmetrical step, bow, and 
stern landing conditions must be investigated. 
In addition— 


(1) The loading for each condition consists of 
an upward component and a side component 
equal, respectively, to 0.75 and 0.25 tan B 
times the resultant load in the corresponding 
symmetrical landing condition; and 


(2) The point of application and direction of the 
upward component of the load is the same as 
that in the symmetrical condition, and the point 
of application of the side component is at the 
same longitudinal station as the upward 
component but is directed inward 
perpendicularly to the plane of symmetry at a 
point midway between the keel and chine 
lines. 


(c) Unsymmetrical landing; twin float 
seaplanes. The unsymmetrical loading 
consists of an upward load at the step of each 
float of 0.75 and a side load of 0.25 tan B at 
one float times the step landing load reached 
under §25.527. The side load is directed 
inboard, perpendicularly to the plane of 
symmetry midway between the keel and chine 
lines of the float, at the same longitudinal 
station as the upward load. 


§ 25.531 Hull and main float takeoff 
condition. 


For the wing and its attachment to the hull or 
main float— 


(a) The aerodynamic wing lift is assumed to be 
zero; and 


(b) A downward inertia load, corresponding to 
a load factor computed from the following 
formula, must be applied: 


where— 


n =inertia load factor; 


C TO=empirical seaplane operations factor 
equal to 0.004; 


V S,=seaplane stalling speed (knots) at the 
design takeoff weight with the flaps 
extended in the appropriate takeoff position; 


B=angle of dead rise at the main step 
(degrees); and 


W =design water takeoff weight in pounds. 


[Doc. No. 5066, 29 FR 18291, Dec. 24, 1964, 
as amended by Amdt. 25-23, 35 FR 5673, 
Apr. 8, 1970] 


§ 25.533 Hull and main float bottom 
pressures. 


(a) General. The hull and main float structure, 
including frames and bulkheads, stringers, and 
bottom plating, must be designed under this 
section. 


(b) Local pressures. For the design of the 
bottom plating and stringers and their 
attachments to the supporting structure, the 
following pressure distributions must be 
applied: 


(1) For an unflared bottom, the pressure at the 
chine is 0.75 times the pressure at the keel, 
and the pressures between the keel and chine 
vary linearly, in accordance with figure 3 of 
appendix B. The pressure at the keel (psi) is 
computed as follows: 


i =Oyx Beste 
tan £, 
where— 
P k=pressure (p.s.i.) at the keel; 
C 2=0.00213; 


K 2=hull station weighing factor, in 
accordance with figure 2 of appendix B; 


V S,=seaplane stalling speed (Knots) at the 
design water takeoff weight with flaps 
extended in the appropriate takeoff position; 
and 


Bk=angle of dead rise at keel, in accordance 
with figure 1 of appendix B. 


(2) For a flared bottom, the pressure at the 
beginning of the flare is the same as that for 
an unflared bottom, and the pressure between 
the chine and the beginning of the flare varies 
linearly, in accordance with figure 3 of 
appendix B. The pressure distribution is the 
same as that prescribed in paragraph (b)(1) of 
this section for an unflared bottom except that 
the pressure at the chine is computed as 
follows: 


AF at 
P, = C,x— St 


tan 
where— 
P ch=pressure (p.s.i.) at the chine; 
C 3=0.0016; 


K 2=hull station weighing factor, in 
accordance with figure 2 of appendix B; 


V S,=seaplane stalling speed at the design 
water takeoff weight with flaps extended in 
the appropriate takeoff position; and 


B=angle of dead rise at appropriate station. 


The area over which these pressures are 
applied must simulate pressures occurring 
during high localized impacts on the hull or 
float, but need not extend over an area that 
would induce critical stresses in the frames or 
in the overall structure. 


(c) Distributed pressures. For the design of the 
frames, keel, and chine structure, the following 
pressure distributions apply: 


(1) Symmetrical pressures are computed as 
follows: 


ne K Maat 


P=¢, ae 


where— 


P =pressure (p.s.i.); 


C ,=0.078 C (with C ,;computed under 
§25.527); 


K ,=hull station weighing factor, determined 
in accordance with figure 2 of appendix B; 


V S,=seaplane stalling speed (Knots) with 
landing flaps extended in the appropriate 
position and with no slipstream effect; and 


V So=seaplane stalling speed with landing 
flaps extended in the appropriate position 
and with no slipstream effect; and B=angle 
of dead rise at appropriate station. 


(2) The unsymmetrical pressure distribution 
consists of the pressures prescribed in 
paragraph (c)(1) of this section on one side of 
the hull or main float centerline and one-half of 
that pressure on the other side of the hull or 
main float centerline, in accordance with figure 
3 of appendix B. 


These pressures are uniform and must be 
applied simultaneously over the entire hull or 
main float bottom. The loads obtained must be 
carried into the sidewall structure of the hull 
proper, but need not be transmitted in a fore 
and aft direction as shear and bending loads. 


[Doc. No. 5066, 29 FR 18291, Dec. 24, 1964, 
as amended by Amdt. 25-23, 35 FR 5673, 
Apr. 8, 1970] 


§ 25.535 Auxiliary float loads. 


(a) General. Auxiliary floats and their 
attachments and supporting structures must 
be designed for the conditions prescribed in 
this section. In the cases specified in 
paragraphs (b) through (e) of this section, the 
prescribed water loads may be distributed over 
the float bottom to avoid excessive local loads, 
using bottom pressures not less than those 
prescribed in paragraph (g) of this section. 


(b) Step loading. The resultant water load must 
be applied in the plane of symmetry of the float 
at a point three-fourths of the distance from the 
bow to the step and must be perpendicular to 
the keel. The resultant limit load is computed 
as follows, except that the value of L need not 
exceed three times the weight of the displaced 
water when the float is completely submerged: 


tan! 6 (1+0,") 


where— 
L =limit load (Ibs.); 
C 5=0.0053; 


V So=seaplane stalling speed (knots) with 
landing flaps extended in the appropriate 
position and with no slipstream effect; 


W =seaplane design landing weight in 
pounds; 


BS=angle of dead rise at a station3/4of the 
distance from the bow to the step, but need 
not be less than 15 degrees; and 


r y=ratio of the lateral distance between the 
center of gravity and the plane of symmetry 
of the float to the radius of gyration in roll. 


(c) Bow loading. The resultant limit load must 
be applied in the plane of symmetry of the float 
at a point one-fourth of the distance from the 
bow to the step and must be perpendicular to 
the tangent to the keel line at that point. The 
magnitude of the resultant load is that 
specified in paragraph (b) of this section. 


(d) Unsymmetrical step loading. The resultant 
water load consists of a component equal to 
0.75 times the load specified in paragraph (a) 
of this section and a side component equal to 
3.25 tan B times the load specified in 
paragraph (b) of this section. The side load 
must be applied perpendicularly to the plane of 
symmetry of the float at a point midway 
between the keel and the chine. 


(e) Unsymmetrical bow loading. The resultant 
water load consists of a component equal to 
0.75 times the load specified in paragraph (b) 
of this section and a side component equal to 
0.25 tan B times the load specified in 
paragraph (c) of this section. The side load 
must be applied perpendicularly to the plane of 
symmetry at a point midway between the keel 
and the chine. 


(f) Immersed float condition. The resultant load 
must be applied at the centroid of the cross 
section of the float at a point one-third of the 
distance from the bow to the step. The limit 
load components are as follows: 


vertical = aah 
4 


aft = C20" [xv, | 
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side= Cv" [ xv, | 


where— 

p=mass density of water (slugs/ft.? ); 

V =volume of float (ft.” ); 

C x=coefficient of drag force, equal to 0.133; 
C y=coefficient of side force, equal to 0.106; 


K =0.8, except that lower values may be 
used if it is shown that the floats are 
incapable of submerging at a speed of 0.8 V 
Soin normal operations; 


V So=seaplane stalling speed (knots) with 
landing flaps extended in the appropriate 
position and with no slipstream effect; and 


g =acceleration due to gravity (ft./sec.” ). 


(g) Float bottom pressures. The float bottom 
pressures must be established under §25.533, 
except that the value of Kzin the formulae may 
be taken as 1.0. The angle of dead rise to be 
used in determining the float bottom pressures 
is set forth in paragraph (b) of this section. 


[Doc. No. 5066, 29 FR 18291, Dec. 24, 1964, 
as amended by Amdt. 25-23, 35 FR 5673, 
Apr. 8, 1970] 


§ 25.537 Seawing loads. 


Seawing design loads must be based on 
applicable test data. 


Subpart D — Design and Construction 
Floats and Hulls 

§ 25.751 Main float buoyancy. 

Each main float must have— 


(a) A buoyancy of 80 percent in excess of that 
required to support the maximum weight of the 
seaplane or amphibian in fresh water; and 


(b) Not less than five watertight compartments 
approximately equal in volume. 


§ 25.753 Main float design. 


Each main float must be approved and must 
meet the requirements of §25.521. 


§ 25.755 Hulls. 


(a) Each hull must have enough watertight 
compartments so that, with any two adjacent 
compartments flooded, the buoyancy of the 
hull and auxiliary floats (and wheel tires, if 
used) provides a margin of positive stability 
great enough to minimize the probability of 
capsizing in rough, fresh water. 


(b) Bulkheads with watertight doors may be 
used for communication between 
compartments. 
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FIGURE 1. Pictorial definition of angles, dimensions, and directions on a seaplane. 
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FIGURE 2. Hull station weighing factor. 
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FIGURE 3. Transverse pressure distributions. 
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Seaplane, Skiplane and Float/Ski Equipped Helicopter Operations 
Handbook, U.S. Department of Transportation, Federal Aviation 
Administration, Flight Standards Service, 2004. 


Chapter 2 — Principles of Seaplanes 


SEAPLANE CHARACTERISTICS 

There are two main types of seaplane: flying boats (often called hull seaplanes) and floatplanes 
(Figure 2-1). The bottom of a flying boat’s fuselage is its main landing gear. This is usually 
supplemented with smaller floats near the wingtips, called wing or tip floats. Some flying boats have 
sponsons, which are short, wing-like projections from the sides of the hull near the waterline. Their 
purpose is to stabilize the hull from rolling motion when the flying boat is on the water, and they may 
also provide some aerodynamic lift in flight. Tip floats are sometimes known as sponsons. The hull of 
a flying boat holds the crew, passengers, and cargo; it has many features in common with the hull ofa 
ship or boat. On the other hand, floatplanes typically are conventional landplanes that have been fitted 
with separate floats (sometimes called pontoons) in place of their wheels. The fuselage of a floatplane 
is supported well above the water’s surface. 


Figure 2-1. Flying boats, floatplanes, and amphibians. 


Some flying boats and floatplanes are equipped with retractable wheels for landing on dry land. These 
aircraft are called amphibians. On amphibious flying boats, the main wheels generally retract into the 
sides of the hull above the waterline. The main wheels for amphibious floats retract upward into the 
floats themselves, just behind the step. 


There are considerable differences between handling a floatplane and a flying boat on the water, but 
similar principles govern the procedures and techniques for both. 


A number of amphibious hull seaplanes have their engines mounted above the fuselage. Because the 
thrust line is well above the center of drag, these airplanes tend to nose down when power is applied 
and nose up as power is reduced. This response is the opposite of what pilots have come to expect in 
most other airplanes, and can lead to unexpected pitch changes and dangerous situations if the pilot is 
not thoroughly familiar with these characteristics. 


Figures 2-2 and 2-3 describe some of the basic terms used to describe seaplane floats. Other nautical 
terms are commonly used when operating seaplanes, such as port and starboard for left and right, 
windward and leeward for the upwind and downwind sides of objects, and bow and stern for the front 
and rear ends of objects. 
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Figure 2-2. Hull components. 
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Figure 2-3. Float components. 


Floats usually have bottoms, sides, and tops. A strong keel runs the length of the float along the center 
of the bottom. Besides supporting the seaplane on land, the keel serves the same purpose as the keel of 
a boat when the seaplane is in the water. It guides the float in a straight line through the water and 
resists sideways motion. A short, strong extension of the keel directly behind the step is called the 
skeg. The chine is the seam where the sides of the float are joined to the bottom. The chine helps 
guide water out and away from the float, reducing spray and helping with hydrodynamic lift. 


On the front portion of the float, midway between the keel and chine, are the two sister keelsons. 
These longitudinal members add strength to the structure and function as additional keels. The top of 
the float forms a deck that provides access for entering and leaving the cabin. Bilge pump openings, 
hand hole covers, and cleats for mooring the seaplane are typically located along the deck. The front 
of each float has a rubber bumper to cushion minor impacts with docks, etc. Many floats also have 
spray rails along the inboard forward portions of the chines. Since water spray is surprisingly 
destructive to propellers, especially at high r.p.m., these metal flanges are designed to reduce the 
amount of spray hitting the propeller. 


Floats are rated according to the amount of weight they can support, which is based on the weight of 
the actual volume of fresh water they displace. Fresh water is the standard because sea water is about 
3 percent denser than fresh water and can therefore support more weight. Ifa particular float design 
displaces 2,500 pounds of fresh water when the float is pushed under the surface, the float can 
nominally support 2,500 pounds. A seaplane equipped with two such floats would seemingly be able 
to support an airplane weighing 5,000 pounds, but the floats would both be completely submerged at 
that weight. Obviously, such a situation would be impractical, so seaplanes are required to have a 
buoyancy of 80 percent in excess of that required to support the maximum weight of the seaplane in 
fresh water. To determine the maximum weight allowed for a seaplane equipped with two floats, 
divide the total displacement by 180 percent, or 1.8. Using the example of two floats that 

each displace 2,500 pounds, the total displacement of 5,000 pounds divided by 1.8 gives a maximum 
weight for the seaplane of 2,778 pounds. Many other considerations determine the suitability of a 
particular set of floats for a specific type of airplane, and float installations are carefully evaluated by 
the Federal Aviation Administration (FAA) prior to certification. 


All floats are required to have at least four watertight compartments. These prevent the entire float 
from filling with water if it is ruptured at any point. The floats can support the seaplane with any two 
compartments flooded, which makes the seaplane difficult to sink. 


Most floats have openings with watertight covers along the deck to provide access to the inside of 
each compartment for inspection and maintenance. There are also smaller holes connected by tubes to 
the lowest point in each compartment, called the bilge. These bilge pump openings are used for 
pumping out the bilge water that leaks into the float. The openings are typically closed with small 
rubber balls that push snugly into place. 


Both the lateral and longitudinal lines of a float or hull are designed to achieve a maximum lifting 
force by diverting the water and the air downward. The forward bottom portion of a float or hull is 
designed very much like the bottom of a speedboat. While speedboats are intended to travel at a fairly 
constant pitch angle, seaplanes need to be able to rotate in pitch to vary the wings’ angle of attack and 
increase lift for takeoffs and landings. The underside of a seaplane float has a sudden break in the 
longitudinal lines called the step. The step provides a means of reducing water drag during takeoff and 
during high-speed taxi. At very low speeds, the entire length of the floats supports the weight of the 
seaplane through buoyancy, that is, the floats displace a weight of water equal to the weight of the 
seaplane. As speed increases, aerodynamic lift begins to support a certain amount of the weight, and 
the rest is supported by hydrodynamic lift, the upward force produced by the motion of the floats 
through the water. Speed increases this hydrodynamic lift, but water drag increases more quickly. To 
minimize water drag while allowing hydrodynamic lift to do the work of supporting the seaplane on 


the water, the pilot relaxes elevator back pressure, allowing the seaplane to assume a pitch attitude that 
brings the aft portions of the floats out of the water. The step makes this possible. When running on 
the step, a relatively small portion of the float ahead of the step supports the seaplane. Without a step, 
the flow of water aft along the float would tend to remain attached all the way to the rear of the float, 
creating unnecessary drag. 


The steps are located slightly behind the airplane’s center of gravity (CG), approximately at the point 
where the main wheels are located on a landplane with tricycle gear. If the steps were located too far 
aft or forward of this point, it would be difficult, if not impossible, to rotate the airplane into a nose-up 
attitude prior to lifting off. Although steps are necessary, the sharp break along the underside of the 
float or hull concentrates structural stress into this area, and the disruption in airflow produces 
considerable drag in flight. The keel under the front portion of each float is intended to bear the weight 
of the seaplane when it is on dry land. The location of the step near the CG would make it very easy to 
tip the seaplane back onto the rear of the floats, which are not designed for such loads. The skeg is 
located behind the step and acts as a sort of chock when the seaplane is on land, making it more 
difficult to tip the seaplane backward. Most floatplanes are equipped with retractable water rudders at 
the rear tip of each float. The water rudders are connected by cables and springs to the rudder 

pedals in the cockpit. While they are very useful in maneuvering on the water surface, they are quite 
susceptible to damage. The water rudders should be retracted whenever the seaplane is in shallow 
water or where they might hit objects under the water surface. They are also retracted during takeoff 
and landing, when dynamic water forces could cause damage. 


Chapter 4 — Seaplane Operations — Preflight and Takeoffs 


TAXIING AND SAILING 


There are three basic positions or attitudes used in moving a seaplane on the water, differentiated by 
the position of the floats and the speed of the seaplane through the water. They are the idling or 
displacement position, the plowing position, and the planing or step position. 


IDLING POSITION 

In the idling position or displacement position, the buoyancy of the floats supports the entire weight of 
the seaplane and it remains in an attitude similar to being at rest on the water. Engine r.p.m. is kept as 
low as possible to control speed, to keep the engine from overheating, and to minimize spray. In 
almost all circumstances, the elevator control should be held all the way back to keep the nose as high 
as possible and minimize spray damage to the propeller. This also improves maneuverability by 
keeping more of the water rudder underwater. The exception is when a strong tailwind component or 
heavy swells could allow the wind to lift the tail and possibly flip the seaplane over. In such 
conditions, hold the elevator control forward enough to keep the tail down.[Figure 4-5 on next page] 


Use the idling or displacement position for most taxiing operations, and keep speeds below 6-7 knots 
to minimize spray getting to the propeller. It is especially important to taxi at low speed in congested 
or confined areas because inertia forces at higher speeds allow the seaplane to coast farther and 
serious damage can result from even minor collisions. Cross boat wakes or swells at a 45° angle, if 
possible, to minimize pitching or rolling and the possibility of an upset. 


Figure 4-5. Idling position.The engine is at idle r.p.m., the seaplane moves slowly, the attitude is nearly level, and 
buoyancy supports 
the seaplane. 


PLOWING POSITION 

Applying power causes the center of buoyancy to shift back, due to increased hydrodynamic pressure 
on the bottoms of the floats. This places more of the seaplane’s weight behind the step, and because 
the floats are narrower toward the rear, the sterns sink farther into the water. Holding the elevator full 
up also helps push the tail down due to the increased airflow from the propeller. The plowing position 
creates high drag, requiring a relatively large amount of power for a modest gain in speed. Because of 
the higher r.p.m., the propeller may pick up spray even though the nose is high. The higher engine 
power combined with low cooling airflow creates a danger of heat buildup in the engine. Monitor 
engine temperature carefully to avoid overheating. Taxiing in the plowing position is not 
recommended. It is usually just the transitional phase between idle taxi and planing. [Figure 4-6] 


Figure 4-6. Plowing position. 


PLANING OR STEP POSITION 

In the planing position, most of the seaplane’s weight is supported by hydrodynamic lift rather than 
the buoyancy of the floats. (Because of the wing’s speed through the air, aerodynamic lift may also be 
supporting some of the weight of the seaplane.) As the float moves faster through the water, it 
becomes possible to change the pitch attitude to raise the rear portions of the floats clear of the water. 
This greatly reduces water drag, allowing the seaplane to accelerate to lift-off speed. This position is 
most often called on the step. [Figure 4-7] 


There is one pitch attitude that produces the minimum amount of drag when the seaplane is on the 
step. An experienced seaplane pilot can easily find this “sweet spot” or “‘slick spot” by the feel of the 
floats on the water. If the nose is considerably high, the rear portions of the floats contact the water, 


drag increases, and the seaplane tends to start settling back into more of a plowing position. If the nose 
is held only slightly higher than the ideal planing attitude, the seaplane may remain on the step but 
take much longer to accelerate to rotation speed. On the other hand, if the nose is too low, more of the 
front portion of the float contacts the water, creating more drag. This condition is called dragging, and 
as the nose pulls down and the seaplane begins to slow. 


Taxiing on the step is a useful technique for covering long distances on the water. Carefully reducing 
power as the seaplane comes onto the step stops acceleration so that the seaplane maintains a high 
speed across the water, but remains well below flying speed. At these speeds, the water rudders must 
be retracted to prevent damage, but there is plenty of airflow for the air rudder. 


With the seaplane on the step, gentle turns can be made by using the air rudder and the ailerons, 
always maintaining a precise planing attitude with elevator. The ailerons are positioned into the turn, 
except when aileron into the wind is needed to keep the upwind wing from lifting. 


Besides the obvious danger of collision, other water traffic creates dangerous wakes, which are a 
much more frequent cause of damage. If you see that you are going to cross a wake, reduce power to 
idle and idle taxi across it, preferably at an angle. 


Figure 4-7. On the step. The attitude is nearly level, and the weight of the seaplane is supported mostly by 
hydrodynamic lift. Behind the step, the floats are essentially clear of the water. 


TURNS 

At low speeds and in light winds, make turns using the water rudders, which move in conjunction with 
the air rudder. As with a landplane, the ailerons should be positioned to minimize the possibility of the 
wind lifting a wing. In most airplanes, left turns are somewhat easier and can be made tighter than 
right turns because of torque. If water rudders have the proper amount of movement, most seaplanes 
can be turned within a radius less than the span of the wing in calm conditions or a light breeze. Water 
rudders are usually more effective at slow speeds because they are acting in comparatively 
undisturbed water. At higher speeds, the stern of the float churns the adjacent water, causing the water 
rudder to become less effective. The dynamic pressure of the water at high speeds may tend to force 
the water rudders to swing up or retract, and the pounding can cause damage. For these reasons, water 
rudders should be retracted whenever the seaplane is moving at high speed. 


The weathervaning tendency is more evident in seaplanes, and the taxiing seaplane pilot must be 
constantly aware of the wind’s effect on the ability to maneuver. In stronger winds, weathervaning 
forces may make it difficult to turn downwind. Often a short burst of power provides sufficient 

air over the rudder to overcome weathervaning. Since the elevator is held all the way up, the 

airflow also forces the tail down, making the water rudders more effective. Short bursts of power are 
preferable to a longer, continuous power application. With continuous power, the seaplane accelerates, 
increasing the turn radius. The churning of the water in the wake of the floats also makes the water 
rudders less effective. At the same time, low cooling airflow may cause the engine to heat up. 


During a high speed taxiing turn, centrifugal force tends to tip the seaplane toward the outside of the 
turn. When turning from an upwind heading to a downwind heading, the wind force acts in opposition 
to centrifugal force, helping stabilize the seaplane. On the other hand, when turning from downwind to 
upwind, the wind force against the fuselage and the underside of the wing increases the tendency for 
the seaplane to lean to the outside of the turn, forcing the downwind float deeper into the water. In a 
tight turn or in strong winds, the combination of these two forces may be sufficient to tip the seaplane 
to the extent that the downwind float submerges or the outside wing drags in the water, and may even 
flip the seaplane onto its back. The further the seaplane tips, the greater the effect of the crosswind, as 
the wing presents more vertical area to the wind force. [Figure 4-8] 


Figure 4-9. In the plowing position, the exposed area at the front of the floats, combined with the rearward shift of 
the center of buoyancy, can help to counteract the weathervaning 


PORPOISING 

Porpoising is a rhythmic pitching motion caused by dynamic instability in forces along the float 
bottoms while on the step. An incorrect planing attitude sets off a cyclic oscillation that steadily 
increases in amplitude unless the proper pitch attitude is reestablished. [Figure 4-13] 


Figure 4-13. Porpoising increases in amplitude if not corrected promptly. 


A seaplane travels smoothly across the water on the step only if the floats or hull remain within a 

moderately tolerant range of pitch angles. If the nose is held too low during planing, water pressure in 
the form of a small crest or wall builds up under the bows of the floats. Eventually, the crest becomes 
large enough that the fronts of the floats ride up over the crest, pitching the bows upward. As the step 


passes over the crest, the floats tip forward abruptly, digging the bows a little deeper into the water. 
This builds a new crest in front of the floats, resulting in another oscillation. Each oscillation becomes 
increasingly severe, and if not corrected, will cause the seaplane to nose into the water, resulting in 
extensive damage or possible capsizing. 


A second type of porpoising can occur if the nose is held too high while on the step. Porpoising can 
also cause a premature lift-off with an extremely high angle of attack, which can result in a stall and a 
subsequent nose-down drop into the water. Porpoising occurs during the takeoff run if the planing 
angle is not properly controlled with elevator pressure just after passing through the “hump” speed. 
The pitching created when the seaplane encounters a swell system while on the step can also initiate 
porpoising. Usually, porpoising does not start until the seaplane has passed a degree or two beyond the 
acceptable planing angle range, and does not cease until after the seaplane has passed out of the 
critical range by a degree or two. 


If porpoising occurs due to a nose-low planing attitude, stop it by applying timely back pressure on the 
elevator control to prevent the bows of the floats from digging into the water. The back pressure must 
be applied and maintained until porpoising stops. If porpoising does not stop by the time the second 
oscillation occurs, reduce the power to idle and hold the elevator control back firmly so the seaplane 
settles onto the water with no further instability. Never try to “chase” the oscillations, as this 

usually makes them worse and results in an accident. 


Pilots must learn and practice the correct pitch attitudes for takeoff, planing, and landing for each type 
of seaplane until there is no doubt as to the proper angles for the various maneuvers. The upper and 
lower limits of these pitch angles are established by the design of the seaplane; however, changing the 
seaplane’s gross weight, wing flap position, or center of gravity location also changes these limits. 
Increased weight increases the displacement of the floats or hull and raises the lower limit 
considerably. Extending the wing flaps frequently trims the seaplane to the lower limit at lower 
speeds, and may lower the upper limit at high speeds. A forward center of gravity increases the 
possibility of high angle porpoising, especially during landing. 


SKIPPING 


Skipping is a form of instability that may occur when landing at excessive speed with the nose at too 
high a pitch angle. This nose-up attitude places the seaplane at the upper trim limit of stability and 
causes the seaplane to enter a cyclic oscillation when touching the water, which results in the seaplane 
skipping across the surface. This action is similar to skipping flat stones across the water. Skipping 
can also occur by crossing a boat wake while taxiing on the step or during a takeoff. Sometimes the 
new seaplane pilot confuses a skip with a porpoise, but the pilot’s body sensations can quickly 
distinguish between the two. A skip gives the body vertical “G” forces, similar to bouncing a 
landplane. Porpoising is a rocking chair type forward and aft motion feeling. 


To correct for skipping, first increase back pressure on the elevator control and add sufficient power to 
prevent the floats from contacting the water. Then establish the proper pitch attitude and reduce the 
power gradually to allow the seaplane to settle gently onto the water. Skipping oscillations do not tend 
to increase in amplitude, as in porpoising, but they do subject the floats and airframe to unnecessary 
pounding and can lead to porpoising. 


TAKEOFFS 

A seaplane takeoff may be divided into four distinct phases: (1) The displacement phase, (2) the hump 
or plowing phase, (3) the planing or on the step phase, and (4) the lift-off. The displacement phase 
should be familiar from the taxiing discussion. During idle taxi, the displacement of water supports 
nearly all of the seaplane’s weight. The weight of the seaplane forces the floats down into the water 
until a volume that weighs exactly as much as the seaplane has been displaced. The surface area of the 
float below the waterline is called the wetted area, and it varies depending on the seaplane’s weight. 


An empty seaplane has less wetted area than when it is fully loaded. Wetted area is a major factor in 
the creation of drag as the seaplane moves through the water. 


As power is applied, the floats move faster through the water. The water resists this motion, creating 
drag. The forward portion of the float is shaped to transform the horizontal movement through the 
water into an upward lifting force by diverting the water downward. Newton’s Third Law of Motion 
states that for every action, there is an equal and opposite reaction, and in this case, pushing water 
downward results in an upward force known as hydrodynamic lift. 


In the plowing phase, hydrodynamic lift begins pushing up the front of the floats, raising the 
seaplane’s nose and moving the center of buoyancy aft. This, combined with the downward pressure 
on the tail generated by holding the elevator control all the way back, forces the rear part of the floats 
deeper into the water. This creates more wetted area and consequently more drag, and explains why 
the seaplane accelerates so slowly during this part of the takeoff. 


This resistance typically reaches its peak just before the floats are placed into a planing attitude. 
Figure 4-14 shows a graph of the drag forces at work during a seaplane takeoff run. The area of 
greatest resistance is referred to as the hump because of the shape of the water drag curve. During the 
plowing phase, the increasing water speed generates more and more hydrodynamic lift. With more of 
the weight supported by hydrodynamic lift, proportionately less is supported by displacement and the 
floats are able to rise in the water. As they do, there is less wetted area to cause drag, which allows 
more acceleration, which in turn increases hydrodynamic lift. There is a limit to how far this cycle can 
go, however, because as speed builds, so does the amount of drag on the remaining wetted area. 
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Figure 4-14. This graph shows water drag and propeller thrust during a takeoff run. 


Drag increases as the square of speed, and eventually drag forces would balance the power output of 
the engine and the seaplane would continue along the surface without further acceleration. 


Seaplanes have been built with sufficient power to accelerate to takeoff speed this way, but fortunately 
the step was invented, and it makes further acceleration possible without additional power. After 
passing over the hump, the seaplane is traveling fast enough that its weight can be supported entirely 
by hydrodynamic lift. Relaxing the back pressure on the elevator control allows the float to rock up 
onto the step, and lifts the rear portions of the floats clear of the water. This eliminates all of the 
wetted area aft of the step, along with the associated drag. 


As further acceleration takes place, the flight controls become more responsive, just as in a landplane. 
Elevator deflection is gradually reduced to hold the required planing attitude. As the seaplane 
continues to accelerate, more and more weight is being supported by the aerodynamic lift of the wings 
and water resistance continues to decrease. When all of the weight is transferred to the wings, the 
seaplane becomes airborne. 


Several factors greatly increase the water drag or resistance, such as heavy loading of the seaplane or 
glassy water conditions. In extreme cases, the drag may exceed the available thrust and prevent the 
seaplane from becoming airborne. This is particularly true when operating in areas with high density 
altitudes (high elevations/ high temperatures) where the engine cannot develop full rated power. For 
this reason the pilot should practice takeoffs using only partial power to simulate the longer takeoff 
runs needed when operating where the density altitude is high and/or the seaplane is heavily loaded. 
This practice should be conducted under the supervision of an experienced seaplane instructor, and in 
accordance with any cautions or limitations in the AFM/POH. Plan for the additional takeoff area 
required, as well as the flatter angle of climb after takeoff, and allow plenty of room for error. 


ROUGH WATER TAKEOFFS 

The objective in a rough water takeoff is similar to that of a rough or soft field takeoff in a landplane: 
to transfer the weight of the airplane to the wings as soon as possible, get airborne at a minimum 
airspeed, accelerate in ground effect to a safe climb speed, and climb out. In most cases an 
experienced seaplane pilot can safely take off in rough water, but a beginner should not attempt to 
take off if the waves are too high. Using the proper procedure during rough water operation lessens 
the abuse of the floats, as well as the entire seaplane. 


During rough water takeoffs, open the throttle to takeoff power just as the floats begin rising on a 
wave. This prevents the float bows from digging into the water and helps keep the spray away from 
the propeller. Apply a little more back elevator pressure than on a smooth water takeoff. This raises 
the nose to a higher angle and helps keep the float bows clear of the water. 


Once on the step, the seaplane can begin to bounce from one wave crest to the next, raising its nose 
higher with each bounce, so each successive wave is struck with increasing severity. To correct this 
situation and to prevent a stall, smooth elevator pressures should be used to set up a fairly constant 
pitch attitude that allows the seaplane to skim across each successive wave as speed increases. 
Maintain control pressure to prevent the float bows from being pushed under the water surface, and to 
keep the seaplane from being thrown into the air at a high pitch angle and low airspeed. 


Fortunately, a takeoff in rough water is generally accomplished within a short time because if there is 
sufficient wind to make water rough, the wind is also strong enough to produce aerodynamic lift 
earlier and enable the seaplane to become airborne quickly. 


The relationship of the spacing of the waves to the length of the floats is very important. If the 
wavelength is less than half the length of the floats, the seaplane is always supported by at least two 
waves at a time. If the wavelength is longer than the floats, only one wave at a time supports the 
seaplane. This creates dangerous pitching motions, and takeoff should not be attempted in this 
situation. 


Chapter 5 - Performance 


FLIGHT CHARACTERISTICS OF SEAPLANES WITH HIGH THRUST LINES 
Many of the most common flying boat designs have the engine and propeller mounted well above the 
airframe’s CG. This results in some unique handling characteristics. The piloting techniques necessary 
to fly these airplanes safely are not intuitive and must be learned. 


Pilots who fly typical light twins are familiar with what happens when one engine is producing power 
and the other is not. The airplane tends to yaw toward the dead engine. This happens because the 
thrust line is located some distance from the airplane’s CG. In some respects, this situation is similar 
to the single-engine seaplane with a high thrust line, except that the seaplane flies on one engine all 
the time. When power is applied, the thrust tends to pitch the nose down, and as 

power is reduced, the nose tends to rise. [Figure 5-4] This is exactly the opposite of what most pilots 
are accustomed to. In typical airplanes, including most floatplanes, applying power raises the nose and 
initiates a climb. 


Depending on how far the engine is from the airplane’s CG, the mass of the engine can have 
detrimental effects on roll stability. Some seaplanes have the engine mounted within the upper 
fuselage, while others have engines mounted on a pylon well above the main fuselage. If it is far from 
the CG, the engine can act like a weight at the end of a lever, and once started in motion it tends to 
continue in motion. Imagine balancing a hammer upright with the handle on the palm of the hand. 
[Figure 5-5] 


Figure 5-2. The side area of the floats can decrease directional stability. 


Decreasing Thrust 


Figure 5-4. Pitching forces in seaplanes with a high thrust line. 


Figure 5-5. Roll instability with a high-mounted engine. 


Chapter 6 — Seaplane Operations - Landings 
LANDING 
In water landings, the major objectives are to touch down at the lowest speed possible, in the correct 
pitch attitude, without side drift, and with full control throughout the approach, landing, and transition 
to taxiing. 


The correct pitch attitude at touchdown in a landplane varies between wide limits. For example, wheel 
landings in an airplane with conventional-gear, require a nearly flat pitch attitude, with virtually zero 
angle of attack, while a full-stall landing on a short field might call for a nose-high attitude. The 
touchdown attitude for a seaplane typically is very close to the attitude for taxiing on the step. The 
nose may be a few degrees higher. The objective is to touch down on the steps, with the sterns of the 
floats near or touching the water at the same time. [Figure 6-2] If the nose is much higher or lower, the 
excessive water drag puts unnecessary stress on the floats and struts, and can cause the nose to pitch 
down, allowing the bows of the floats to dig into the water. Touching down on the step keeps water 
drag forces to a minimum and allows energy to dissipate more gradually. 


Figure 6-2. The touchdown attitude for most seaplanes is almost the same as for taxiing on the step. 


CROSSWIND LANDING 

Landing directly into the wind might not be practical due to water traffic in the area, obstructions on 
or under the water, or a confined landing area, such as a river or canal. In landing a seaplane with any 
degree of crosswind component, the objectives are the same as when landing a landplane: to minimize 
sideways drift during touchdown and maintain directional control afterward. Because floats have so 
much more side area than wheels, even a small amount of drift at touchdown can create large 
sideways forces. This is important because enough side force can lead to capsizing. Also, the float 
hardware is primarily designed to take vertical and fore-and-aft loads rather than side loads. 


If the seaplane touches down while drifting sideways, the sudden resistance as the floats contact the 
water creates a skidding force that tends to push the downwind float deeper into the water. The 
combination of the skidding force, wind, and weathervaning as the seaplane slows down can lead to a 
loss of directional control and a waterloop. If the downwind float submerges and the wingtip contacts 
the water when the seaplane is moving at a significant speed, the seaplane could flip over. [Figure 6-3] 


Figure 6-3. Improper technique or excessive crosswind forces can result in an accident 


GLASSY WATER LANDING 

Flat, calm, glassy water certainly looks inviting and may give the pilot a false sense of safety. By its 
nature, glassy water indicates no wind, so there are no concerns about which direction to land, no 
crosswind to consider, no weathervaning, and obviously no rough water. Unfortunately, both the 
visual and the physical characteristics of glassy water hold potential hazards for complacent pilots. 
Consequently, this surface condition is frequently more dangerous than it appears for a landing 
seaplane. 


The visual aspects of glassy water make it difficult to judge the seaplane’s height above the water. The 
lack of surface features can make accurate depth perception very difficult, even for experienced 
seaplane pilots. Without adequate knowledge of the seaplane’s height above the surface, the pilot may 
flare too high or too low. Either case can lead to an upset. If the seaplane flares too high and stalls, it 


will pitch down, very likely hitting the water with the bows of the floats and flipping over. If the pilot 
flares too late or not at all, the seaplane may fly into the water at relatively high speed, landing on the 
float bows, driving them underwater and flipping the seaplane. [Figure 6-6] 


Flare Too Earl 


Figure 6-6. The consequences of misjudging altitude over glassy water can be catastrophic. 


ROUGH WATER LANDING 

Rough is a very subjective and relative term. Water conditions that cause no difficulty for small boats 
can be too rough for a seaplane. Likewise, water that poses no challenge to a large seaplane or an 
experienced pilot may be very dangerous for a smaller seaplane or a less experienced pilot. 


Describing a typical or ideal rough water landing procedure is impractical because of the many 
variables that affect the water’s surface. Wind direction and speed must be weighed along with the 
surface conditions of the water. In most instances, though, make the approach the same as for any 
other water landing. It may be better, however, to level off just above the water surface and increase 
the power sufficiently to maintain a rather flat attitude until conditions appear more acceptable, and 
then reduce the power to touch down. If severe bounces occur, add power and lift off to search for a 
smoother landing spot. 


In general, make the touchdown at a somewhat flatter pitch attitude than usual. This prevents the 
seaplane from being tossed back into the air at a dangerously low airspeed, and helps the floats to slice 
through the tops of the waves rather than slamming hard against them. Reduce power as the seaplane 
settles into the water, and apply back pressure as it comes off the step to keep the float bows from 
digging into a wave face. 


If a particularly large wave throws the seaplane into the air before coming off the step, be ready to 
apply full power to go around. 


Avoid downwind landings on rough water or in strong winds. Rough water is usually an indication of 
strong winds, and vice versa. Although the airspeed for landing is the same, wind velocity added to 
the seaplane’s normal landing speed can result in a much higher groundspeed, imposing excessive 
stress on the floats, increasing the nose-down tendency at touchdown, and prolonging the water run, 
since more kinetic energy must be dissipated. As the seaplane slows, the tendency to weathervane may 
combine with the motion created by the rough surface to create an unstable situation. In strong winds, 
an upwind landing means a much lower touchdown speed, a shorter water run, and subsequently much 
less pounding of the floats and airframe. 


Likewise, crosswind landings on rough water or in strong winds can leave the seaplane vulnerable to 
capsizing. The pitching and rolling produced by the water motion increases the likelihood of the wind 
lifting a wing and flipping the seaplane. There is additional information on rough water landings in 
Chapter 8, Emergency Open Sea Operations. 


Chapter 8 — Emergency Open Sea Operations 
OPERATIONS IN OPEN SEAS 


Open sea operations are very risky and should be avoided if possible. If an open sea landing cannot be 
avoided, a thorough reconnaissance and evaluation of the conditions must be performed to ensure 
safety. The sea usually heaves in a complicated crisscross pattern of swells of various magnitudes, 
overlaid by whatever chop the wind is producing. A relatively smooth spot may be found where the 
cross swells are less turbulent. 


DEFINITIONS 

When performing open sea operations, it is important to know and understand some basic ocean 
terms. A thorough knowledge of these definitions allows the pilot to receive and understand sea 
condition reports from other aircraft, surface vessels, and weather services. 


Fetch—An area where wind is generating waves on the water surface. Also the distance the waves 
have been driven by the wind blowing in a constant direction without obstruction. 


Sea—Waves generated by the existing winds in the area. These wind waves are typically a chaotic 
mix of heights, periods, and wavelengths. Sometimes the term refers to the condition of the surface 
resulting from both wind waves and swells. 


Swell—Waves that persist outside the fetch or in the absence of the force that generated them. The 
waves have a uniform and orderly appearance characterized by smooth, regularly spaced wave crests. 


Primary Swell—The swell system having the greatest height from trough to crest. 
Secondary Swells—Swell systems of less height than the primary swell. 


Swell Direction—The direction from which a swell is moving. This direction is not necessarily the 
result of the wind present at the scene. The swell encountered may be moving into or across the local 
wind. A swell tends to maintain its original direction for as long as it continues in deep water, 
regardless of changes in wind direction. 


Swell Face—The side of the swell toward the observer. 
The back is the side away from the observer. 


Swell Length—The horizontal distance between successive 
crests. 


Swell Period—tThe time interval between the passage of two successive crests at the same spot in the 
water, measured in seconds. 


Swell Velocity—The velocity with which the swell advances in relation to a fixed reference point, 
measured in knots. (There is little movement of water in the horizontal direction. Each water particle 
transmits energy to its neighbor, resulting primarily in a vertical motion, similar to the motion 
observed when shaking out a carpet.) 


Chop—A roughened condition of the water surface caused by local winds. It is characterized by its 
irregularity, short distance between crests, and whitecaps. 


Downswell—Motion in the same direction the swell is moving. 


Upswell—Motion opposite the direction the swell is moving. If the swell is moving from north to 
south, a seaplane going from south to north is moving upswell. 


SEA STATE EVALUATION 

Wind is the primary cause of ocean waves and there is a direct relationship between speed of the wind 
and the state of the sea in the immediate vicinity. Windspeed forecasts can help the pilot anticipate sea 
conditions. Conversely, the condition of the sea can be useful in determining the speed of the wind. 
Figure 8-1 on the next page illustrates the Beaufort wind scale with the corresponding sea state 
condition number. 


BEAUFORT WIND SCALE WITH CORRESPONDING SEA STATE CODES 


Wind Sea State 


Beaufort Wind Term and 
Velocity pescription Sea State Description Height of Condition 


Mimaber | icnoie Waves (Feet) Number 


Less than1 Sea surface smooth and mirror-like Calm, glassy 
0 
Light Air Scaly ripples, no foam crests 


Light Breeze | Small wavelets, crests glassy, no breaking Calm, rippled 
0-03 
7-10 Gentle Breeze | Large wavelets, crests begin to break, scattered Smooth, wavelets 
whitecaps 0.3-1 


Moderate Small waves, becoming longer, numerous whitecaps 
Breeze 


17-21 Fresh Breeze | Moderate waves, taking longer form, many whitecaps, Moderate 
some spray 4-8 
22-27 Strong Breeze | Larger waves, whitecaps common, more spray Rough 
8-13 


| 7 | 280 | Nearaaie | Sea heaps up, white foam streaks off breakers 
Moderately high, waves of greater length, edges of crests Very rough 
begin to break into spindrift, foam blown in streaks 13-20 
41-47 Strong Gale | High waves, sea begins to roll, dense streaks of foam, 
spray may reduce visibility 
| | 


Very high waves, with overhanging crests, sea white with 
densely blown foam, heavy rolling, lowered visibility 
Violent Storm | Exceptionally high waves, foam patches cover sea, Very high 
visibility more reduced 30-45 
64 and over Air filled with foam, sea completely white with driving Phenomenal 
spray, visibility greatly reduced 45 and over 


Figure 8-1. Beaufort wind scale. 


While the height of the waves is important, it is often less of a consideration than the wavelength, or 
the distance between swells. Closely spaced swells can be very violent, and can destroy a seaplane 
even though the wave height is relatively small. On the other hand, the same seaplane might be able to 
handle much higher waves if the swells are several thousand feet apart. The relationship between the 
swell length and the height of the waves is the height-to-length ratio [Figure 8-2]. 


Height-to-Length Ratio 1: 20 


Height-to-Length Ratio 1: 10 


Figure 8-2. Height-to-length ratio. 


This ratio is an indication of the amount of motion a seaplane experiences on the water and the threat 
to capsizing. For example, a body of water with 20-foot waves and a swell length of 400 feet has a 
height-tolength ratio of 1:20, which may not put the seaplane at risk of capsizing, depending on the 
crosswinds. 


However, 15-foot waves with a length of 150 feet produce a height-to-length ratio of 1:10, which 
greatly increases the risk of capsizing, especially if the wave is breaking abeam of the seaplane. As the 
swell length decreases, swell height becomes increasingly critical to capsizing. Thus, when a high 
swell height-to-length ratio exists, a crosswind takeoff or landing should not be attempted. Downwind 
takeoff and landing may be made downswell in light and moderate wind; however, a downwind 
landing should never be attempted when wind velocities are high regardless of swell direction. 


When two swell systems are in phase, the swells act together and result in higher swells. However, 
when two swell systems are in opposition, the swells tend to cancel each other or “fill in the troughs.” 
This provides a relatively flat area that appears as a lesser concentration of whitecaps and shadows. 
This flat area is a good touchdown spot for landing. [Figure 8-3] 


Figure 8-3.Wave interference. 


LANDING PARALLEL TO THE SWELL 


When landing on a swell system with large, widely spaced crests more than four times the length of 
the floats, the best landing heading parallels the crests and has the most favorable headwind 
component. In this situation, it makes little difference whether touchdown is on top of the crest or in 
the trough. 


LANDING PERPENDICULAR TO THE SWELL 

If crosswind limits would be exceeded by landing parallel to the swell, landing perpendicular to the 
swell might be the only option. Landing in closely spaced swells less than four times the length of the 
floats should be considered an emergency procedure only, since damage or loss of the seaplane can be 
expected. 


If the distance between crests is less than half the length of the floats, the touchdown may be smooth, 
since the floats will always be supported by at least two waves, but expect severe motion and forces as 
the seaplane slows. 


A downswell landing on the back of the swell is preferred. However, strong winds may dictate landing 
into the swell. To compare landing downswell with landing into the swell, consider the following 
example. 


Assuming a 10-second swell period, the length of the swell is 500 feet, and it has a velocity of 30 
knots or 50 feet per second. Assume the seaplane takes 890 feet and 5 seconds for its runout. 


Downswell Landing—The swell is moving with the seaplane during the landing runout, thereby 
increasing the effective swell length by about 250 feet and resulting in an effective swell length of 750 
feet. If the seaplane touches down just beyond the crest, it finishes its runout about 140 feet beyond 
the next crest. [Figure 8-5] 


Position of Swell 


at Touchdown Position of Swell Halfway Position of Swell at 
Through Runout End of Runout 


Direction of »> Direction of > Direction of 
Swell Movement Swell Movement Swell Movement 


Figure 8-5. Landing in the same direction as the movement of the swell increases the apparent length between 
swell crests. 


Landing into the Swell—During the 5 seconds of runout, the oncoming swell moves toward the 
seaplane a distance of about 250 feet, thereby shortening the effective swell length to about 250 feet. 
Since the seaplane takes 890 feet to come to rest, it would meet the oncoming swell less than halfway 
through its runout and it would probably be thrown into the air, out of control. Avoid this landing 
heading if at all possible. [Figure 8-6] 


Position of Swell . 
Position of Swell Halfway Through oye asada 


at Touchdown Runout 


Direction 
of Swell 


Direction > 


of Swell 


Direction _ 


of Swell 


Figure 8-6. Landing against the swell shortens the apparent distance between crests, and could lead to trouble 


If low ceilings prevent complete sea evaluation from the altitudes prescribed above, any open sea 
landing should be considered a calculated risk, as a dangerous but unobserved swell system may be 
present in the proposed landing area. Complete the descent and before-landing checklists prior to 
descending below 1,000 feet if the ceiling is low. 


LANDING WITH MORE THAN ONE SWELL 

SYSTEM 

Open water often has two or more swell systems running in different directions, which can present a 
confusing appearance to the pilot. When the secondary swell system is from the same direction as the 
wind, the preferred direction of landing is parallel to the primary swell with the secondary swell at 
some angle. When landing parallel to the primary swell, the two choices of heading are either upwind 
and into the secondary swell, or downwind and downswell. The heading with the greatest headwind is 
preferred; however, if a pronounced secondary swell system is present, it may be desirable to land 
downswell to the secondary swell system and accept some tailwind component. The risks associated 
with landing downwind versus downswell must be carefully considered. The choice of heading 
depends on the velocity of the wind versus the velocity and the height of the secondary swell. [Figure 
8-7] 
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LONGITUDINAL DYNAMIC STABILITY OF A SEAPLAUE ON THE WATER 
By Kenneth Es Ward a . 


- Introduction 


_ She Subject of the lmgitudinnl stability of a seaplanc has 
beon thoroughly covercd by a great number of authors. Until re~- 
cent yoars, however, the eibject has been confined to the stability 
of the airplane in the air, Jith the advent-of the large flying 
boat, the stability of the scaplanc on the water has become of: in- 
creasing; importance. Perhaps the most important theoretical work 
that has. been published on this subject is that by Perring a nd 
Glauert (reference I), Iator contributions, notably that presented 
by Klemin, Picrson, and Stecer (reference 2) have further aualyzed 
tie problem of studying the lynamic stability of the seapkane by 
analytical methods. Coombes, Perring, a nd Johnston (referonee 3), | 
Stout (reference 4) a nd Olem and Land (reference 5}, have published 
interesting papers on experitental methods of studying dynamic sta~ 
bility but there hne been no direct correlation between experimental 
and somalytical results other than those presented in reference 2. — 


fhe present paper reviews the theoretical developments in a. 
non-dinensional form for direst substitution of tank and wind tunnel 
anta. Ho attempt is unde to a:alyeze the resulting motion of the | 
con plane, , 


‘the reference systom which is used is that desiguated by the 
WACA which is given on the cover of any WACA te¢hnical report. 


Lintts of stability 


fhe limits of stability (sec figure 1) are dcfined as the curves 
of trim plotted arainst speci which join the points of noutral 
stability and enclose the trlm-specd area within which the flying 
pont will be stable, . 


y ne Un SraBLe 
PPE . 
Limies ee tt Tae ~-Ore Trim 

ep “te \ 
x|Lowne f ; STABLE. ae << ; L 
By ti ey fee ere Lines 


A Decreasing “Trim 
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Tne lower Limit of stability is due mainiy to the forces act- 
ing on the forebody and is affected most by changes in gross weight. 
An increase in the grees weight tends to raise the lower limit of 
etabiiity. — 


The upper limit of stability is due mainly to afterbody inter~ 
ference and msy be raisedor Lowered depending on the resulting 
interference effects of the flow of water from the forebody as it 
strikes the afterbody. Changes in gress weight and changes in the 
effective depth of the step have the largest effect on the upper — 
limit of stability, It will be noticed that two curves are drawn 
for the upper limit. The golid curve ia the. principal limit and 
is obtained analytically, or experimentally with increasing trin. 
The dashed curve represents a "hysteresis" effect with dacreasing 
trin,which is obtained experimantally, and is caused by interference 


.on the afterbody due to the unetable oscillations (porpoising or 
wkipping) of the seaplane once unstable motion has begun. 


The problem of the designer is to estimate the limita of sta=- 
bility for the seaplane from the data available and then so arrange 
the relative positions cf the wing, center of gravity, and steps in 
order thai the airplane will have a reasonable range of centers of 
gravity end yet remain within the stable limits for take-off and land- 
ing with the available aeredynamic control, The equations and deriva-~ 
tives that are. required for this estimate form the subject of this 
paper, 


.aguations of Motion 


When a rigid body moves in a plane, three independent variables 
are, in general, necessary to specify ita positions two auch as %, Z, 
™ meant td to determine the position of some point 


fixed in the body, and one, such aa € 


0 


“ to determine the angle through which 
Gi @ the body has turned, This fixed point, 
377 5) x G (figure 2}, is ordinarily taken as 
| the center of gravity of the body. Tt 
Sf | | can be shown by simple dynamics that the 


motion of the body is fully defined by 
| NL the motion of ita center of gravity. 


Figure 2 = Forces Acting on @ Body 


The general expressions for the equations of motion of the body 


are, % ag 2 
mek sy m 2.7 mk? V8 Lay 
dat ; dt? - ! d t? 
where m= total mass of the body 
| ¥,@ * coordinates of the center of grav? iy 
£,Z2 = eomponents of the total resultant external force 
y = moment of the resultant forces 
me: moment of inertia about the center of . gravity 


: angle of rotation about the center of gravity 
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In defining the motion of the seaplane iet us consider the 
system of axes to be moving parallel with the surface of the water 
and with the forward velocity of the seaplane. The squatione of 
motion will then refer to small motions and rotation of the center 
of gravity in the X=-Z plane, 


The system of external forces acting on the seaplane are shown 
in figure 3. This system of forces is conveniently established as 
the ugual components, paraliel to the system of axes, of the forces 
acting on the hull, wing and tail plans, The moments, weight force, 
parasite drag, dnd thrust complete the condition of equilibrium. — 
Then for the seaplane in steady motion 


Z=U- ly ly ~ ly ~ Tsing = 
x 
Ww 


— 


0 
Twtos f-Dy ~ Dy - Dy — D, = 0 
24, Ly + Lyla Leby + 1p Tt sing 

o6e 
= 0 


i 


(i) 


bs 


~ byDy~ RyDy- hyde bp T cos 
+ My, + My + Ky 


where 0 = ly +o 
ry 


& trim 
“os angie of thrust line with base line of seaplane 
1 * moment arm of vertical force 
h = moment arm of horizontal force 


and the subacripts refer to tha particular force systems. The base 
line of the seaplane, to which angles and dimensions are referred, 
is defined as the tangent to the forebody keel at the step. 


Now 2et a small disturbance take place which causes @ .emall 
motion of the seaplane from the steady condition, It has been 
shown earlier, that the resulting motion can be regarded as tha . 
motion of the c.g. The effect of small changes in accelerations 
wilt be considered negligible. The effect of the amail dietur- 
bance is to change the forces acting on the seaplane by a small 
anount from those acting for thé ateady condition. The equations 
for the resulting motion sre 


a@y = ‘du . 
m 44 ack ~k- _ 
3 m i {Xx dX) x 


} 
} 
ty ‘dw 
ma aE (a tan 2 ) (2) 
2 | — Y 
a~é » da. ; 
ye OOP = pe? SS = (uy + au) — w) 
me ee ) 


whers m “= W/e, the total mess of the seaplane 


du/dt = porisontal aceelerstion 

dw/dt = vertical seceleration 

da fae = angular aceeleration 

mk = moment of inertia about the e«. we 
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coltee ting Parnes the equations becane 


0 rausaty = dx > 
and dt) = az ¥ - 435 
(dq/dt) = = dn) 


Thi, inerenental forges dX, dZ, and dM depend on the velocities, 
u, woof the center of gravity of the veaplane, the vertical position 
‘a, the angular velocity q about the c.g., and the angle & through 
which the «a.piane has changad trim. It is assumed that these quanti~ 
ties ure all smali, The force derivatives may be expanded, neglecting 
derivatives cf w higher order, into the seriss 


ai 


maz 22% dy 3x dws Sede » B25 dg Soe de 
dw 3Z az a2. - QZ. Lt, 
ween Ee, ct ees ll oe ef 
ay bu oY Taw dwt ae oz + oF dq oe 78 (4) 


tdg aM M ; 
or? So aet + ou iw Mas +ord 4 + oe de 


) 


Because the quantities involved are all small, the ineremant 
changas in these quantities may be replaced by the quantities them- 
selves. Then 


S| 4 4s K. 2} _ 
m $e - Saw - Oh - he - Ba wee 
dw @2 0. 02 O02. - 2e ~ 
” Tt eo ou “3g 77 aa i” 36° (5) 
13 aM M ples M 
mk ~oM ~ os ._ 2M 9 
a wy ws” ~ ox 2 36 . 


Equations (5) are simultaneous Linear equations in u, z and g 
with constant coefficients and the Ssplutions of these equations 
are series of terms of the form < £& 


The atability of the seaplane depends on whether it will re- 
turn to the steady, conditions after having been displaced by a 
emall disturbance. If the damping coefficient A is negative, 
the motion will be damped with respect to time t and will be 
stable. If A is positive, the amplitude increases with time and 
the motion is unstable. The three variables u, x and 6 change — 
according to the. function of the damped vibrations that is 


at 2 
at {. “e2E oat O- oe | 
Ae CE °—6h6UwSEL AGE si ee (548) 
day xe at Sue * ae 2 at 
FT AGE | | Gece 8. aye 
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eter en values in equations (5) and cancelling the 
comnon factor 


_ 229% — ~ 2K. 1% 
mA, 2K oa C as C So ° 1S G20 


nite, 2 - 92 ae Bee 222 Gro (6) 


Collecting terms 


(ma-% jo, - ie + Bre a= (A oe + 2%) ec 
| 3 a So 


aw a 


43 
Q 


Zo ate ata _ Z 2 | 
- S55 r(m RASS xe Zc, - (ag 4 se) 37 0 (7) 


M 
BE (AI 4 OE Yc, + (kta 2 BH MYC .20 


which are three simultaneous linear algebraic equations in the 
three unksowns Cy, Gp, and cy. The stability equation is obtaired 
by solving equations (7) simultaneously, 


The labor of solving these equations is greatly simplified 


by putting them in daterminant Jorm. A sufficient condition for - 
the solution ia that the equation of the coefficients of Gl, Sy 


and ¢g shall equal sere. That is, in determinant. forn and sing 
the vsial symbols for the derivstive coofficients (xX, s BK fou ,2 t) 
; } 


jme- KR, -AKYK, | 7 RK- 
~Z, mR NZ- Z| = AZg- Ze (FO (8) 
- M, | ~” AMY -Me me AMM 


‘ : ; 
. . 
“we , to 


se 


i * “ . , gh cag 4 
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Tt ig now cenventent to put equatiene (8) in son-dinengionad 
form. One of the properties. of determinants isz Tf ahd sienen ts 
in any colunn or row are auitiplied by any facter, the determinant 
is miitiplied by that factory that ia, ; 


fey bo oy ay by %5 En Oy cad 
fag 63 eg ff M3 Bef FBR Bg 


y 


Waking use of thia preperty we ean reduces gqaations {tC}, after 
subatituting for the dimenaional terms, by eliwinatieg sll facters 
common 49 any coluw or row becanae the Cetemsinant ie equal to were. 
“og will therefore define non-dimensional derivative eneffielents and 
certain ratics go that all of ¢he dimensional factors may he cancelled 
out of thea determinant 


The general equations of motion were ceveloped by consicering 
ali of tha external forces acting on the seaplane. Therefore, in 
order tao nae thea won-dimensional coefficients we sust exoress the 
ferces in sossiatent units a 

Theory states that the force on @ tbody moeving in a fluid can 
be expressed jnegiectiun all but the effects of Slaid friction and 
nuaes Forces} as the Newtonian relation 


Fre V7 [LE (E) > g (K2)} (yp 


2 masa density of the Fluid 
V ® velosity 
® @ linear dinaneion 
y"# kinematic vieccaity 


= 


2g = seesieration of rravity 
fhe firet non<dimensicual ratio (ut/id ), whieh depends en the fluid 
friction, is Reyvnold’s number and the secord tis/v* . which depends 
on the mass forces, Js Frovde's number, In testion sodels of aga 
planes it is assumed that the wavserakier, ov nase effects, vredoninate 
for the hydrodynamic foress and that the viscona effects vredomina te 
for the swerodynanie forces. WNeneddmensional eseffileiants may then he 
uged in niaee of the bua funetione? that is, 


= a ’ q * 
FP, * 5 ¢ ve Cr, ‘For the hydrodynamics ferese (10) 


and F, «i e y2 2 C P, ‘cv the aerodynamic forces CU) 


where Cp, =f, (tg /v*) and Gp, = £4 (vis) 


and each ceefficient ia considered independent of the other fvne tion, 

fhe factor 4/2 4s pete caged because of the signifieance of the fluid 
amie pressure, L/2€ Ve, The uguel NACA cogfficients will be uged _. 

$3 define the fofces and moments except that the bydrocynante coef t feiar w 


, 
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wilh wot inciade the Froude number for the main gart of the analgesia. 


J 
By introducing the non-dimensional ratia 
, > €. 
2 p> @' 
the aerodynamic coefficients may be excrersec ia the game terre as 
the hydredynenic soeffictantay that ta, — 


a 2 = *( xl, ) 
R= sev 5 Ce ag vib 2 (13) 
The non-dimevsional verivative cocffieients are defined hy 


forme similar te the derivatives of the baggie force and noment eaua+ 
tisne. as follows: 7 


Oo = (12) 


. Force Honent - 
Ragie equaticn Poe xe vp, K Be! v?o7cy 
f 
Derivative with rascect to F =Z@ Vb"Ge, M. e’ vo? 
linear velocity . uw ® fh aw MH 
om Ge | 2 al y@p2 
Derivative with respeet to Fy ® € v“b Cp Mz = @ V¥%p Gy. 
Linear position 3 ia 
Derivative with respect to F, = g' yy" Cr Yn = e' vp? Cia 
angular position _ G "3 . @ 3 
Derivative with respect te F, = @' VerCg . m, # Cy bt. Gia 
angular valceity 4. 4 he 


Letting the coefficlan ta Cras Cres Dae Cys? ci ata @te,, equal 
Kyy X 220 0Mys per ee sek eey where the subacrip$ as “efore resresants 


the derivative (XV ay. ete.), the derivativa coefficients are 
aa follows s Bit 


we Kfe'veé a= Z fe've m= UM, /e'vb” 

XE uX 2/e'V% BP Ca, Z, [ev Me GM, /ev*e* 

X= xX. Je vb Bayt Z je Va~ w? WH, “fe'vb® (44) 
Kp Ga Ko/@'W'o” Zee Co, Zz, Jey? mer Cath vp | 
*q * Ke feNeF zs Ze 7e ‘Vb? mg= Ma /e'Vb™ 

where ne factor Cy. represents the ratio ¢f relative densities. 


{Notes This factor ts the faniilar aydrodynanic eoeffielant for 
the gross load}, 
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The dawning faatos a and the manent of dwertia mk" are put is aoen- 
dimensional form by detining a dancing coafficient. 


Be = oo spe A | (16) 
and a moment of isextia acartigitant 
ify = mk2 /mb™ ; . LR?) 
Substituting these 2 we LES selon tes aquetiana (ha) te C47), in 


the daterninani equation and esancelling ail factors conmon to 
any column oy row, the ggustion in nen-dimansional form becomes 


Ar~ Fe | ~~ MK Fe -f) %y - X, 


~2,- Mnf By- By ~A?2q -F%)20 (18) 
“My ~ fF M1, — Ms Am -~fA Me ~ 


whieh dg an equation in the fifth derrge of the damping coeffiielent Ag 


Glayvert. and Perring concluded in their theoretical analysis 
that amall longitedinal welectty changes will wot affect the 8 te- 
bility ef the seantlane. Recent tests at the WACA (rafsyvence 5) 
hava verifies? this soenelesion. fhe atabitity equation may, there 
fore, be greatly sgimplifiee by eliminating all of the u deriwatives. 
que tion 8), by eliminatizy the fivet ecluan and first rew, bee  — 
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foie is t:a atability equation in the Yourth degrag which, on 
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Louatien (20) ean be written in the fork | 
Ape ls BF 4 wre DM +— EF = © (22) 
where A = | 
B (~Ziy — m) ; 
= (+B, ~ 2g my + Zn, ~ me} 
= (2ymy - Zag + By ——- Zo My) 


tt 


non 
3] 


Equation (21) iz the general egpatien of motion for any body 
asted on by a system ef forces which differ slightly from those 
which aaintein equilibrium of the body in the steady condition, The 
equation deacribvas the resulting motion of the body and the signs | 
of itz roots deterning wheather the netion will inereaase in amplitude 
with time so that the metion is wn#table, or will deecreasa with time 
go that the motion is stebie 

‘Portunately, it is net neressary $0 solve the saiation in ardey 
to determine the stability sharsetertett{es, Rovth frefersnce 6) has 
shown that the v~atien will ue stable if each one of the coefficients 
A, By G, D; and & and tae Aiseriwinant 7 

R= (co -~BF) B - Ad . (223 


. 


are positive and ast gere a6 the reots of the equation will then all 
be vepative. 


Hydredynamica Derivatives 
The fercaa acting on ah 2 hu il BYq Neasurad in a general tank 
test of 2a model. These forces are defined iq tarma of thedy none 
dimensional coefficients ae digesaged previousiy (equation 10}, 
ae ete! 1, 3 “ 
B= yt bO vape,.' = who, (23) 
i 
R= Dy = } © yv* og = wb? cp (243 
and ‘tha wenent, fakem ehout the coze, 48 
1 0? . . 
bd = 5& v2p7c,' = wo4 Cy © 425) 
where the Cundawental length L de taken ae the bean b. The prined 
coetiiclante are used to a’ fferentiate than from the usual ow ffi-~ 
clentes ‘ounpriged) river in culidestions of Hvdyrodynanic tests. The 
coeffiielerts sre rahe iued by the aimple factor 1/2 Cy ae,for exampie 
the lead sosfftieient f y ‘ epee 
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in the following analysis, sll of the derivatives involved 
jn the general stability, equation (18), will be evaluated in 
order that & nore complate andere tanding of the carivetives way 
be obtained. , 


we derivatives = The emall variation in forward velocity uw is 
the equivalent of a variation in the total velocity V. That nvart 
of the X+feres due to the hydredynamic resistance R is expressed 
as 

=. = . Da i 

FoR S - % e Vb" Cp 
nifterentiathas with respect to the velocity, 


m= Bee Re -be'vEr. 2 Ce (26) 


and the non-dimensional derivative coefficient is _ 
‘ Zz 1 ; ; ) 
X= Ri /eves-cy= -2c, fos (27 


The Tift and moment derivatives are found in a similar manner as 


B=-Cy 2 - 2S, oy . (28) 
me Cu/p =e agcufe,  — (29) 


a> Derivatives ~ The small change in vertical position may be ob- 
tained directly as the change in rise of the center of gravity, or 
the change in draft at constant trim. ‘The non-dimensional coeffie 
cient for the rise is , 


Cc. E = = (30) 
‘Then 
Qe27-bOCe | 
and o 2 Ce’ 
x, = ~2E yev b aCe (31) 


2 Can, 


where the rise is measured positively With-inereass in rise, The 
non-dimensional derivative eoetficient Le 


%F Ca Ky /e'y7b = 4c, 2a. Cy (2Ce fac, E> (32) 


The Li ft and an derivatives are found in # gimiiayr manner as 


Beha (IQW/IG)} = Ca, (3E,/9SG nm) [oe (33) 
3773 %,(2C, /2G,) = - QCa, (8S. /8G, Sf (34) 


¥ = derivatives = A small vertical velocity # combined with the 

forward velocity VY is the equivalent of 3 small positive change in 
angle w/V radians. Because the foreas are measured parallel to the 
axes, the change in forces accompanying the change dn direction of 


~1G~ 
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the resultant velocity mua t be taken into account. (See figure 4)o .- 

Let the change in angle be designates 3 > the change in trim, Then 
Wi REDIANS 

a=, A+ DA The as * yeiues of the forces will be 


{~ 
X+SBX= ~(R+2R) con OY (A424 jain gd T 
. f—_R-GAR+ OST 
Ze O25 -(O+ Ba) cos d T—-(R+ OR) SIN OT 


~A-GA~Rd9T 


neglecting second order terms 


Fig. 4~ Force Vector “as EF =R, ZY +A , ard? = w/V then 


oK=-|QR+s (why) = ~ (5 XE ~ Ow 


ov 
= i R Z ’ A . ; 
ano Ky, = - wv Ge 8) 2 e wb (3 — Co) (25) 
THEN Hy, = Ry /e' Vb Pa - (26s -&,)/c,* (36). 
and the uit aeayoue Be, o? (37) 


The monent derivative is not atrecced by the rotatiox of the 
force vectors go that 


myehev? pee. Letvb3 Se (38), 
me bn ace = n Se cy (34) 


9 .. derivatives ~ A change in one angle @ ia the sane as « change 
in the trim “ry. so that 


Ree -Be~s Pyry? BS (40) 
tg = CarX, Je vib° =~ 3 Cy, 258 « ~ Can B58/c.".(41} 
Ze can == Cao A aan : (42) 

hog ay 


a. derivatives - Poke shange in engular velocity may by considered 
as a change in the tw components cf the jingar velociiy at. the cen- 
ter of pressure (figure 5). Although this assumption is aot strictiy 
true because of the distribution of forces ail along ths bottom of 
the seaplane, the approximation is probably of sufficie:t securacy 
for the study of stability.. The limear velocity at the cenier of 
pressure is r-q and the twe components are 


du= hag ) - Ow = * £ea 


<2 {= 
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Fie. 5 ~ Cemrer OF PRESSURE 
OWN HULL BOTTOM 


then . . 
K, =< 2% wy AX. aw (44) 
OS a U 9. w «OS 
or X, = bX, - us ; i (45) 
h 
and X= = %y- § Xw ( 46) 
where h = vertical distance from the cog» to the ¢-} 
1 = horizontal distance from the c.g. to the c. Da 
b = beam 
The other two derivatives are evalnated in a similar manner ay 
if Zz so wn ee 
ow, | 4 * 5 b =w : (47) 
: co_— ™/M — oe 


-The position of the center of pressure may be located with 
sufficient accuracy by assuming the least-importan} vertical di~ 
menaion and computing the horizontal dimension from the kn... 
force and moment coefficients, Let us therefore asvume that the 
center of pressure lies in a plane half way between the keel and 
the chines, The dimension nermal to the base Line is designated 
ho». The dimension parallel with the base line is designated a, 


and is computed fron the momert equation ae 
fo, Cur FE (Cg cos t- Cy sin &) (49) 
b C, cost + Ce SIN ’ rd 
where Cy, Cys and Cp are the usual hydrodynamic coefficients (Cy, 
is ineluded in the measured value of Cy). Then 
k= 1, cos T+ hy sin Y ) 
) (50) 


h # hy cos UT +4, ain i) 


— {d- 


‘ 
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_Agrodynamic Derivatives 
The aerodynamic derivatives are evaluated in exactly the sane 
manner as were the hydrodynamic derivatives. fhe forces and moments 
are defined in terms of their usual non=dimensional coefficients (See 
equation 11) as 


“3 2 2 = 1 
Cy = nf § @ vs ; ss gh ws 
1 2a: = ¢ h °C 
Cy = ¥/ ¥ P Vs. = Cy + (Fe, - € DA 
where the fundamental length L squared is taken asthe area S of the 
aerodynamic surface, the chord c is the mean aerodynamic chord. of the 
surface, b is the bean, and the moment ¥ is taken about the c.g. 


n = derivatives 


r=-p=—-$P VWs cy | 54) 
x, == 5 vs (2 6) = - G We20" Cp (52) 
X= Xy/ @' vb" = -20°C, | (53) 


where oO = x = Gi aa defined previously. 


Likewise, 2 fo- 20 C, | (54) 
Mee P sec | (55) 
My = FP vs (acy) = O' ve3o-(2 2 cy) (56) 
My = Mf ve? =HO"(2 & gy) - (57) 


s ~_ derivatives =- ‘The derivatives for the change in. vertical posi- 
tion are genera ly neglected as the change in forces due to the change 
in ground effect is very small. 


w= derivatives ~« The smail vertical velocity ¥, as for the hydro- 
dynamic derivative, is equivalent to a small change in trim, or 
angle of attack,300 2 w/V. 


ax =- On+ L (w/v) = (2 3B - k « | ; se) 
i, Ze 1 Pvs (2e2 =-C,) ae L "Wy? aCp 
3X Se Sy ZF vb" "Cae ~ Gy) (59) 


- i3- 
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ty = X,/e' ve? = ~ o (Se ~ cy) (60) 
OCy, 63 
= -_ L)} 
2 4 
uy $C vss Sse we € (62) 
mye = Mow Gace (Gd 
G _ derivatives © 9% 5 ( 
aD i 25 rfp . ti (64) 
lg tS 2R dee 2 
@ Co (65) 
xe" Ca, o SS 
2 - Cayo aoe (66) 
ose . 
n ® no Ca = Bom (67) 
ob Sa 
a derivatives - By analogy with the hydrodynamic derivatives 
oh 1 
xa = hx, -kx, (68} 
h 2 
% = 2 ty - = Hy (69) 
mE Ey (70) 


The thrret is usually considered as applying only a constant 
moment and therefore al] of the derivatives sre sero. In the case 
of high-p<wered airplanes, the variation in thrust should probably 
be constdered. This subject, however, will not be discussed at 


. this time. 
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The various derivative coefficierts are summarized below: 


| 
Derivative j . Hydrodynamic | Aerodynamic 
~2C,/C," ~ 20°C, 
aCe 2 
“6 5a 
4 
- (268 -Os\f6, 
ve 
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SAMPLE COMPUTATION | 


A sample computation will be worked out 
for a 46,000 1b*. flying boat at a speed of 41 knote 
(cy = 4.0) and a trim of 7 degrees. The sign of the 
roots of the atability equation. will determine whether . 
the airplane is stable at this speed and trim. 

‘It is assumed that a general tank test of 
the hull has been made and that these data have been 
reduced to give the required slopes of hydrodynamic 


forces and moments versus trim at constant draft and 


' versus draft at constant trim. Mither wind tunnel data, 


if available, or estimated data may be used for the 


_ aerodynamic forces and moments. Basic data for the 


airplane are as follows: . 
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GENERAL 

Gross weight W — 46000 Ib. 
Gross-Load coefficient (W/e 'gb3) CAg 0.932 
Bean . . b 9.17 fto 
. pce MAC 28.85 
Center of gravity (ahead of atep _ ' og 32.5 ino 

; (above keel _ 1.54 - Ams 


Longitudinal moment of inertia about c.g» I 166000 — sJug-ft.7 


Moment-of-inertia ratio (mb®/T) Yh | 
Mass of airplane mi 1430 slugs 
Mass density of seawater ? : 1,99 slugs /eu.ft. 
Effective deadrise of forebody at step 5 18 | Gegs 
Aerodynamic conversion ratio Oo -0,00745 

WING 
Area . . $ 1048 sq.ft. 
Span | oe gg 110 ft. 
Mean aerodynamic chord | - 8 10.3 ft. 
Effective aspect ratio (incl. =" effect) A «20 
Lift curve slope for inf.A.R.(flapa coe 

down) . Qo 6.9 per rad. 
Aerodynamic center from c.g. Cho/b =. =0..218 
"ae 0.077 

Incidence i. 3 | deg ° 
sia deflection Se 40 . deg. 

HORIZONTAL TAILPLANE - . 
Area. : s 192° sage ft. 
Span 7 -  g 26 ft. 
Aspect ratio : A 8.52 
Lift curve slope for inf. A.R. _ Lo 547, per rade 
Elevator hinge frmc.g. : ag 4 | Dr 


Cc 


CONSOLIDAYED AIRCRAFT CO.:PORATION : 
_LINDBERGH FIELD, SAN DIEGO, CALIF. Page 3 


Course 426.3 
Lecture 9. 


Wing Coefficients 
‘The moment arms of the serodynianie center of the wing are found 
from equation (60) aS, 
Vio = (10/6) cos + (hoy) ein Y | 
= .077 x -99255 - .218 x .12187 
= 2050 
h/b > (no/b) cos 7 = eb) sin7” 
-.218.x .99255 + .077 x .12187 
= =.225 


" 


The slope of the lift curve and the lift coofticiant: are de~ 
termined as follows: 


u 


Go = nA = 3: See 
| oe "IP ara ~ Treosop = 6-20 


Cr =2Gh (T+ f'.- X16) = 6.20 (.122 + .052 + 128) = 1.87. 
where the angle of zero lift, Aig = -7.3 » deg. | 


The drag coefficient and the slope of the drag curve are de- 


' termined as follows: - 


Cpe Cope kz? | 0345+ .0050 x 1.87" = .0520 
OC c 
Sx = SP x sh = (,010 x 1.87) x-6.20 © 116 


The moment coefficient and the / Stope of the moment curve are . 
determined as follows: 


Cu = Chae + Cid) cL - (h/o) cp 
( = =.310 + .050 x 1.87 ~ .225 x .05820 
* -.205 
= (2 gk + Sp) Us + bor) - 22 “Cy, ee - 207) 


“ 20 + 1082) 077 0218 x .122)-(.116 - 1,87)(~,218 ~.077x%.128 
“ 0086 


20M 


Sx 


cf) 
= 
t 


tt 


where it is assumed, for simplicity, that cos r = 1 and sin Ter 
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Huli Coefficients 


The load on the water is found from the difference between the 
gross weisht and the lift provided by the wing and tail. plane: 


CA Cio = ety? (CLy + Cry) 


H 


632 = .00745 x 4.0% (1.87 + 0.27). 

= 677 
where the subscripts (w) end (t+) are used to denote wing and tail. 
(It is necessary to assume a Lift coefficient for the tall which is 
later checked and the computations repeated if necessary. ) 


The remaining coefficients are obtained from prepared charts of 
the measured characteristics. 


CA 3 677 CR .1i6 Cy = 23 

> ¢ . 1 QCM « 5.5 
a s 5.8 se 2 =1,0 SCr Cr 

2 f&. 4, “OcR = 1.2 OM = ~2.1 
oT USF SF 


The position of the center of pressure on the hull is. determined 


from equation (49) and the assumed vertical position as described on 


oJ 


Sve oe he same page: 


ho ,- keeltoceg. - 1/4 tan § 
b 28m , 


154 2 ' 
= +6 1/4 tan deg. 


& 1.32 
+ (hod) (cR - Cat) 
-) en dede (2215 = 677 4 oJ22) 
0677 + 2115 x 0122 _ ‘ 
* .396 


= zat boT= 0306 1.32 x .lea 2 2557 


og 


yo = ol- 
t 


‘pe - 20 ve 1.32 = 2396 x .122 3 1.27 
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Thrust Moment 


The thrust is assumed tovary with the speed according te the 
following relation: -— 


f « 11000-- 70 cv" 1p. 


and has a ponent arm about the. Cop: ‘normal to the thrust line (in 
terms of the MA os 


The thrust momert is defined in non-dimensional form with terms 
similar to those used to define the serodynamic moment coettictents 
Cur on Tht ese 
L T/2 6 V? Sig 


(11000 = 70 x 4,02} (=,178) 
-00256 x 47" x 1048 


- 297 
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‘Tai lplane Coefficients 


(Note: All aerodynamic coefficients are based on ‘the wing 
area and mean acrcdynamic chord. Subseripts (w), (t), (h), 
and (T) are used where reyuired to designate wing, tail, hull, 
and thrust.) . 


Because of the varying conditions under which the tailplane must 
operate, and the abnormal values .of the tril lift that are required 
to obtain the trim limits of stability, the moment and lift are com 

puted fram the moment required to maintain the trim under considera- 
tion. The noment is obtained from the expression for ths moment bal- 
ance GS ,y . 7 
| Cu, 
to nw OT” & Cyd) 
= .205 + .297 = .23/(.00745 x 4.0% x 1.12) 
= «1.223 
_ The moment arms of the tailplane are found in the usual manner: 
Vb = -4.94 x .99255 - .582 x .12187 = -4.$7 
h/b - = ~ 582 x -99255 | + 4.94 x.12187 = oOL 


The drag of the tail, including the vertical surfaces, is assumed: 
constant for the ranve of trims:under consideration: 


Cy = 0040 aCp/ae = 0, 


The lift of the tail is obtained from the moment which was com= 
puted above: 


Cut = b/e (CL Vb - Cp b/d), 
Che = TA [ Cue (c/b) + Cpy {n/o)t] 
« =a s5 (~1.223 x 1.12 + .0040 x .01) 


=. .275 


The slope of the lift curve for the tail is obtained from the 
usual equation for tte tail lift: 


Olt 2 2Clw 4 2 6 g 
SS TR) ay Me 
6.20 (2.69/20 7) 1282 x .70 
1 +5.7/3. sae” 1048 
046 (assuming a tail efficiency Ne = 70) 
“The slope of the moment curve is given approximately’ bys 


2CME = Cr, 7 4 
: - - t {lo/b ) “4 w4294 * mam 
“sx Sa a7 “t m .46 x Tia = 2603 


if 
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Stability Derivative Coefficients . 
Xy = <2CR aoe ~26CDyw - 25 Cp, 
#02 x 115 ats - 2 x,00745 x,0520 - 2 x,00745 x,0040 


me 


= ~,0144 ~,00075 -,00006 
~ -.0152 . | 


Xe * CA, SOR 1 
aCr cy2 


= 982 x (1.0) x 4s 


> 


2 ~ 0582 
. 1 2D. 
Ky * Cer ~ Cy) Gye 7-32 - CL), - Ff ra CL), 


a ~(1.2 - 677) 22 - ,00745 (,.116 - 1.87) = ,00745 ( 0 - .275) 
= =.523 x 1/16 +,00745 x 1.754 +,00745 x .275 
= -.0327 + .0131 + .0020 
« -.0176 | | . 
kg = Cho 3 oh SA. (2 - 6 Ca, (25p), 
= =.932 x 1.2 x do - 00745 x 4922 x .116 - 0 
= -.0698 - ,0008 «0 
© 0706 
Ag = Z(n/o Xy - 1/ Xw? 
[ize? x (40144) = .557 (-.0327)] + {-.225 (=,00075) = .050 (0131) 
+ {01 (-,00006) - (-4, +97) (0020)} 
= {-.0183 + .0182) + (.0002 = .0007) - (o ~ 0100) 
a 0. - ,0005 +,0100 
0095 
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Stability Derivative Coefficients (Contd .) 


Zu «2 


Sy 


Zo = 


“2 CA Gig - 2 FCI - 2 OSL, _ 
-2 x .677 x 45 ~ 2% .00745 x 1.87 - 2 x .00745 x .275 
~.0846 =~ .0L75 = .0041 
- «1166 . 
CA: 204 , a2. = .092 x (-5.8) x dpe -.338 
dcp = CV ° —— C 
1 QL et ok pe 
~C2,82, + CR) —“y a ¢ Sor + Dy a0 CSR + Cpe 


[4.6 + 115) 5% -00745[6.20 # .052]- .00745 [.46 + .004] 
-4.715 . 1/16 - .00745 xX 6.252 - .00745 x .164 


~.2950 =» .0466 = .0035 


~ 3451 
; 3 Cy, os o CL 
~ Cho Sp -ky- Slay “Sx dw - Fao “See 
L 


~.982 x 4.6 x 4B - 00745 x ,932 x 6.20 ~ .00745 x .082 x 046 

= 62680 ~ .0430 ~ - 0032 
= (h/o Fy = 1/d By) . 
[1.27 (-.0886) - .557 (-.2980)] + [=.225 (-.0279) ~ .050 (~.0466 

| 4 fo1 (-.0041) - (~4.97) (~. 0035)] 

[-.1075 + .1645] + [-ooes + .ocz3} + fo - 0174] 
.0570 + .0086 = .0274 
20482 


(27) Cy oe + 2 6 cf uy + 27S c/ Cy, 


1 : SS 
2x 0725 % 23 x GB +2 x 0725 x .00745 x 1.12 x (-.205) + & 
+A 725 x .00745 x 1.12 x (1.223) 


00208 = .0025 - .0145 
e0038 
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Stability Derivative Coeffictents (Contd.) 


Mz 


- y CAo se ee = «725 x .OB2 x (-5.5) x 2 = 232 
My = Y 2 onl eo +) Sef m) 


= 728°. x Pos! D x Ze +.725 x .00745 x 1. 12 x, (986) ) #37 3789) x .00745 
= »- 950 -~ 20005 - 20123 2 


= -.1078 
MO = ZCAy My 
= .932 (.0950) = .£32 {-.0005) + .32 (-.0123) 
= ~,0885 - .0005 ~ .O115 | 
= -,1005 | 
Mg =  (h/d My ~ 1/d My) 
oo fi. 27 (.0208) - .557 (-. 0950)] | + [-.225 (~.0025) = .080 €.0005) | 
+ [oi (~.0145) - (-4.87)(-.0123) 
= [ro2ee + .0530] + fico0e + of + F .o001 - 0611] 
0794 + .0006 - .0612 oo 
.0188 


a 


a 


oH 
C: 
; 


Huil 


= .0344 

~ 0582 

= .0327 

=.0698 
fe) 


~ 0846 
~ 23380 
~ -2950 
~ .2680 
+.0570 


* 0208 
#,.2320 
= .Q950 
- 0885 
+ 0794 
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Wing . 


Tail 


= .Q001 


” e0041 
8) 
=~ 0035 


= 00032 


- -O174 


- oO145 
0 
-” 20123 


-.0115 


-,0612 
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| Summarized Values. for Cy « 4.9, J 27 deg. 


Total 


~ 0152 
- .0582 
-.0176 
~ .0706 
+0095 


=.1166 
- «3380 
~ 3451 
- 3142 
+0482 


4.0038 


+ 02320 
- 1078 


' 4.0188 


CI 


UU 
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Coefficients of Stability Equation 


A # 1 


B = (+2y - Mg) al oo451 - 0188 = +3263 


C = (-8, ~ Bg My ~ ByMg~ Mo) 
= (.8980 + .0482 x .1078 - »3451 Xx: 0188 + 1008) 
= (3380 —~ .0052 = .0065 + ,1005) 
= + .4372 


D = (az Mg - Bg Mz = Sy Mg - fig My ) 
2 (=.8380 x 0188 - .0482 x .2320 + .3451 x .1005 - .3142 x -1078) 
- (=,0064 = ,0112 » .0347 ~ .0339) 
- = .0168 : 
E = (3, My - ZoMl,) 
= (,3380 x 01005 + .3142 x .2320) 
= 0340 + .0730 
= +,1070 


‘R » (CD - BE) B - aD@ 


= (~,4372 x .0168 - .3263 x »1070) .3263 - .0168° 
= (2.0073 ~ .0349) .3263 ~ .0003 | 
= ~,0422 x .3263 -.0003 
= .-,0138 -.0003 
= ~.0141 
As the coefficient (D) and the discriminant (R) are negative, the 


motion is divergent and the airplane is unstable for the speed and 
trim investigated. 


